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 i 
“Theory is when we know everything but nothing works. 
Praxis is when everything works but we do not know why. 
We always end up by combining theory with praxis: 
nothing works and we do not know why.” 
 
“La teoria è quando si sa tutto e niente funziona.  
La pratica è quando tutto funziona e nessuno sa il perché. 
Noi abbiamo messo insieme la teoria e la pratica: non c'è 
niente che funzioni... e nessuno sa il perché.” 
 
A. Einstein 
 
 
“Research is what I'm doing when I don't 
know what I'm doing.” 
 
“Ricerca è ciò che faccio quando non so che 
cosa sto facendo.” 
 
Wernher Von Braun 
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Abstract 
 The design and development of Pure Electric Vehicles (PEVs), 
Hybrid Electric Vehicles (HEVs) and Fuel Cell Electric Vehicles (FCEVs) 
have received more and more attention and become a major focus area of 
the automotive industry due to their high energy efficiency and eco-
friendliness in comparison to conventional vehicles. 
 In all electric vehicles the battery pack is the main constituent and 
key to enabling and increasing cost-effective fuel economy. It is one of the 
most expensive components of the vehicle and its temperature represents 
one of the most significant factors impacting both performance and 
lifespan. 
 In addition, HEVs require the conversion of electric power typically 
achieved by an Insulated Gate Bipolar Transistor (IGBT) module, which 
generates a lot of heat. Both heat and thermal dissipation are critical to the 
 v 
reliability of the the electronic equipment but unfortunately the thermal 
environment of a motor compartment is not suitable for electronics. 
It is therefore important to design and implement effective batteries and 
IGBT thermal management systems. 
 This thesis will investigate the experimental study performed through 
the visualisation of flow patterns inside a Flat Plate Pulsating Heat Pipe 
(FP-PHP) properly designed, seeing as an innovative cooling system in a 
forward-looking (future-oriented) perspective on its application for 
thermal management of HEVs components such as batteries and IGBTs. 
The influence of the FP-PHP’s hydraulic behaviour on the thermal 
performance will be thoroughly discussed, and in addition “Automotive 
Tests” will be proposed. 
 The whole research has been carried out in Poitiers at the 
“Laboratoire d’Etudes Thermiques” of ISAE-ESMA (École nationale 
supérieure de mécanique et d’aérotechnique) during my internship as an 
indipendent researcher under the supervision of Prof. Vincent Ayel 
between February and June 2013. 
 A working paper in regard to this study has also been also presented 
at the 17th International Heat Pipe Conference (October 13-17, 2013) in 
Kanpur, India [02]
1
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KEY WORDS: Pulsating Heat Pipe, Electronic cooling, Hybrid Electric 
Vehicle. Thermal Management, Power battery, IGBT. 
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Preface 
 In recent years the scarcity and lack of fossil resources, and growing pollution of 
air and environment have forced the automobile manufacturers to shift their attention to 
sustainable transport solutions, green energy power, and environmentally friendly 
vehicles in order to reduce their emission levels of greenhouse gases (GHG), such as 
nitrogen oxides (    , carbon monoxide     , hydrocarbons      and particulate 
matter (  ). Besides, efforts have been made, desires expressed and “challenges” 
undertaken to improve energy and fuel efficiency, which is the basic purpose and 
feature of the Internal Combustion Engine (ICE). 
 For that matter, the development of Pure Electric Vehicles (PEVs), Hybrid 
Electric Vehicles (HEVs) and Fuel Cell Electric Vehicles (FCEVs) has received great 
attention and recognition, and become a major focus area of both research and the 
industry. In particular, a hybrid system combines different power sources to maximize 
each one's strengths, while compensating for the others' shortcomings. 
 Basically, Hybrid Electric Vehicles (HEVs) consist of a conventional petrol or 
diesel ICE combined with an electric motor (EM) to serve as propulsion system of the 
 xii 
vehicle. It is driven by the ICE during that part of the drive cycle when its efficiency is 
high, and switched to EM mode when the ICE’s efficiency is low. Energy is being 
stored in an electrical energy storage system when breaking, and later made available 
during and for acceleration. The electrical energy storage system is usually composed of 
batteries in order for it to operate more efficiently. In addition, there is an electric power 
conversion system including an inverter, which converts DC of the batteries into AC so 
as to run the electrical motor, and which also converts AC from the generator into DC 
for energy storage in the batteries. 
 In all the electric vehicles the key component is the battery pack which 
enhances greater fuel savings potentials. 
High specific power and high specific energy batteries are required to meet the 
operational needs of electric vehicles. Many batteries are nowadays avaiable both for 
PEVs - HEVs (e.g. lead-acid, zinc/halogen, metal/air, sodium-beta, nickel metal 
hydride, lithium-ion) and for FCEVs (e.g. proton exchange membrane fuel cells). 
Seeing as the battery is the most important and expensive part and so to say the heart of 
the vehicle, its proper and immaculate operational functionality and technical viability 
is most crucial. A battery operating at high temperatures can indeed lead to damaging 
electrochemical side reactions, which trigger even greater heat generation, higher 
temperatures, and a “thermal runaway” condition potentially causing fire or explosions.  
Therefore, the design and implementation of effective battery thermal management 
systems is a prioritised task. 
 Moreover, the word “hydrid” relates to and stands for greater flexibility 
achieved by means of an electronic device which effectively fulfils mechanical 
functions. As mentioned above, this kind of motor requires an inverter typically 
composed by an Insulated Gate Bipolar Transistor (IGBT) module as its main 
swiching device, but unfortunately the thermal environment of a motor compartment is 
ill-suited for electronics. They generate a lot of heat, so heat and thermal dissipation are 
critical to the reliability of the electronics. 
It is therefore important to design and implement effective IGBT thermal 
management systems too. 
 Accordingly, critical aspects of both battery and IGBT thermal energy 
management, especially in the field of Automotive applications, need particular 
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attention. Aside from other traditional cooling systems (i.e. electric fan, liquid thermal 
management system with water, glycol, oil, acetone or even refrigerants) the utility of 
PCM systems and passive systems like Pulsating Heat Pipes (PHPs) have been 
investigated by many researchers, the latter being a new type of efficient two-phase 
passive heat transfer device suitable for high heat flux applications. 
 In this regard, the thesis will focus on the experimental study of a Flat Plate 
Pulsating Heat Pipe (FP-PHP). This has been properly and primarily designed to 
evaluate and discuss the influence of the device’s hydraulic behaviour on the thermal 
response through the analysis of the synchronised recorded images under operating 
conditions (such as applied heat power, cooling temperature, FP-PHP inclination), then 
subsequenly from the perspective of cooling electronic devices in a vehicle, least but 
not last while controlling for thermal management performance of HEVs components 
(batteries and IGBTs). 
 The experimental test bench consists of a copper block, into which a single 
square shaped groove forming a series of ten turns is machined, and a transparent glass 
to the top surface attached so as to visualise by means of two high speed cameras the 
fluid flow patterns of Ethanol as the working fluid. 
 The data evaluation will reveal an original and innovative inclination of this 
device with respect to gravity, so called “edge inclination”, that is the FP-PHP is in 
vertical position with horizontal channels. 
 Furthermore a number of “Automotive Tests” will be executed in order to 
establish a “bridge” between classical vehicle parameters (Roll angle  , and Pitch angle 
 ), the PHP’s thermal performance (i.e. thermal resistance    ), and its flow patterns. It 
will be precisely investigated how a rapid change in these parameters – one by one in 
each test – will influence both the PHP’s thermal performance and its flow patterns. 
 The whole research was carried out in Poitiers at the “Laboratoire d’Etudes 
Thermiques” of ISAE-ESMA (École nationale supérieure de mécanique et 
d’aérotechnique) during my internship as an indipenent researcher under the supervision 
of Prof. Vincent Ayel between February and June 2013. 
A research paper regarding this work was presented to the 17th International 
Heat Pipe Conference (October 13-17, 2013, Kanpur, India)[02]. 
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 In Part I of this thesis a short literature review regarding transport and energy 
sustainability, energy renewability and eco-vehicles, as well as the different types of 
HEVs and their thermal requirements and management will be presented (Chapter 1). 
A second chapter (Chapter 2) will be devoted to clarifying what is currently known and 
established about the PHP working principles. Concluding this first part, Chapter 3 will 
summarise the results obtained by previous researches who used visualisation research 
techniques so as to to provide a general view, and to justify both my methodological 
choices and research strategies (e.g. the inquisitiveness of investigating properties of the 
PHP’s “edge inclination”). 
 Part II of this thesis will focus on the detailed description of the test bench used 
to obtain the results, with a brief description of all utilised instruments (Chapter 4). 
Chapter 5 will show and reconstruct the complete experimental procedure and final 
Chapter 6 will present the main results and conclusions. 
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LITERATURE REVIEW 
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1 THERMAL MANAGEMENT IN 
AUTOMOTIVE APPLICATIONS 
 Nowadays the energy lack and the environment pollution have forced the 
automobile manufacturers to move their attention to green energy power and clean 
vehicles in order to reduce their emission levels such as nitrogen oxides (    , carbon 
monoxide     , hydrocarbons      and particulate matter (  ). Besides, there has 
been the effort, the desire and also the “challenge” to improve the fuel efficiency which 
is the basic element of the Internal-Combustion Engine (ICE). 
 In this perspective the development of Pure Electric Vehicles (PEVs), Hybrid 
Electric Vehicles (HEVs) and Fuel Cell Electric Vehicles (FCEVs) has received more  
 
 
Figure 1 : High-Level Electric Vehicle Market Taxonomy (Source: GTM Research) 
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and more attention enough to become a major focus area of the automotive industry 
(Figure 1) due to their more energy efficient and cleaner than conventional vehicles. 
 Therefore, this chapter will point out and review the latest literature in regards to 
transport energy saving and sustainability and green vehicles, the different types of 
HEVs currently in circulation, and their thermal requirements and management. 
1.1 Transport energy efficiency and sustainability, and low-energy 
vehicles 
 In recent years shortage of energy and pollution of the environment have 
become a critical problem, which is currently being faced by all countries throughout 
the world. One of the industry sectors with the highest levels of fuel consumption is 
transportation, typically accounting for        of the total fuel consumption in most 
industrialised countries [61]. 
 To deal with the energy challenge in the transport sector, the first and foremost 
energy needs to be saved. Energy saving significantly reduces the unnecessary final 
energy consumption, which do not flow into to the production of utilities and services. 
The large amount of green house gases (GHG) and pollutants are emitted with the 
kindling and ignition of fossil fuels. For instance in Table 1 estimated yearly values of 
energy consumption and emissions of only Portugal are given including carbon dioxide 
(   ), carbon monoxide (  ), hydrocarbons (  ), nitron oxides (   ) and particulate 
matter (  ) [61]. 
 
Table 1 : Annual energy consumption and emissions of Portuguese [61] 
Vehicle category Energy consumption  
 (          
Emissions  
(    ) 
              PM 
Gasoline <1.4L                            
Gasoline 1.4-2.0L                         
Gasoline >2.0L                            
Diesel <2.0L                            
Diesel >2.0L                           
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 For the purpose of energy saving and environment protection, people all over the 
world are striving to find new technologies aimed at improving energy efficiency and 
reducing GHG and pollutants emission. In this regard many energy and environment 
friendly policies have been implemented in order to save energy. On one hand the 
Chinese government has made an effort by introducing a number of fuel consumption 
limit standards for the purpose of reduced oil consumption and     emissions. On the 
other hand, another industrial giant such as United States have adopted many 
transportation policies such as reducing vehicle-mile traveled and vehicle resistance, 
improvement to conventional engine technology, transition to alternative low-carbon, 
non-petroleum based fuels and new high-efficiency power train [61]. 
 In this perspective, Figure 2 illustrates the key role of transport     reductions 
in the International Energy Agency’s (IEA) “2DS” scenario (2°C Scenario), which 
describes a future energy system that would limit average global temperature increases 
to 2°C by 2050. In this scenario, the transport sector’s potential share of overall     
reductions would be     by 2050. In order to meet this share, three-fourths of all 
vehicle sales by 2050 would need to be plug-in electric of some type [98]. 
 
 
Figure 2 : Role of Transport in     Reduction (% = 2050 estimate), (Source: IEA, ETP 2012) [98]  
 Another alternative and most viable proposed solution is to design, development 
and production of clean low-emission, eco-friendly green vehicles such as PEVs, HEVs 
and FCEVs. Until now, many researchers have concluded that these vehicles offer the 
best solution to using new energy sources: PEVs and FCEVs create social benefits by 
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generating power without causing pollution, and HEVs reduce gasoline combustion. 
Thus, engineers may disagree about which fuel or car propulsion system is best, but 
they do agree that hybrid technology is the core for eco-car development (Figure 3). 
 
 
Figure 3 : Hybrid technologies (Toyota Source [97]) 
 
Figure 4 : Vehicle size vs driving distance for hybrid technologies (Toyota Source [97]) 
 Andersen et al. [63] have shown that by using PEVs instead of gasoline-
consuming vehicles, GHG emissions would be reduced by up to     and could be 
further decrased by up to     through electric power generated by renewable and 
sustainable energy sources. Chau et al. [64] have come to the conclusion that the 
emissions as a result of electricity generation for PEVs contains only    of   , 
    of    ,     of     and    of   , all exhausted by gasoline-powered vehicles. 
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Baptista et al. [62] have also indicated that the use of HEVs would emit lower  
emissions rates by up to   –    of     than conventional vehicles. HyWays has 
concluded that by 2050     emissions would lower by     if     of road vehicles 
were FCEVs [65]. Endo [66] states that the vehicle efficiency of the HEV would 
improve by     in 2020 and could then be held constant at     level while the use of 
PEVs would increase by     and FCEVs by rougly   –    by 2020. The 
corresponding     emissions would rapidly decrease after 2030 owing to significantly 
greater efficiency, making up for only two-thirds of the 1990     emission level by 
2050. 
 In Table 2 are summarised more details of performance parameters of gasoline 
and diesel versus PEVs, HEVs and FCEVs vehicles. The data predicted by different 
researches may not be exactly the same, but they share a pattern of consistency: green 
vehicles are more likely to dominate the automotive market in the near future. 
 
Table 2 : Performance parameters of different vehicles [61] 
 Ref. Battery used Capacity 
     
Energy 
efficiency 
         
efficiency 
Gasoline [67]           
Diesel [67]           
HEV [67] Lead-acid 
Ni-MH 
Li-ion 
    
        
      
    
        
        
PEV [70] 
 
 
[38] 
Li-ion (57V) 
Silver-zinc (48V) 
Li-ion 
Lead-acid 
Ni-MH 
     
     
 
       
    
       
    
    
 
 
 
       
   
      
FCEV [67]           
 
 However, electricity, hydrogen, biodiesel and natural gas are good alternatives 
for fossil fuel, but each source has their own disadvantages. Figure 5 shows compares 
the energy density of each alternative fuel. 
Even with the latest lithium ion battery technology, only      of the energy required by 
gasoline is used. Although powering a motor with electricity is much more efficient 
than an internal combustion engine, liquid fuels such as gasoline are still advantageous 
  
CHAPTER 1 – THERMAL MANAGEMENT IN AUTOMOTIVE APPLICATIONS 
 
  
7 
because of their high volume in energy density. The cost of batteries also poses a major 
challenge. For instance Toyota, in an effort to attain the 2030 Innovative Technology 
Plan issued by Japan's Ministry of Economy, Trade and Industry, has barely reached the 
status to be at a competitive level with gasoline powered vehicles. 
 
 
Figure 5 : Comparison Energy Density (Toyota Source [97]) 
1.2 Literature Review 
1.2.1 Internal Combustion Engine (ICE) 
 As well known the Internal-Combustion Engine (ICE) is the main and sole 
source for mechanical power. Nowadays, the gas/petrol engine used in hybrid 
technology (e.g. Figure 6) is more energy-efficient, producing higher output than 
conventional ICE thanks to many enhancements. 
For instance, in the gas/petrol engine used in Toyota hybrid technology [97]: 
 The water pump is now driven by electricity from the battery (elimination of the 
drive belt decreases mechanical loss, and the flow of the coolant can be 
controlled even more precisely according to the vehicle's conditions); 
 There is an exhaust heat recirculation system, which utilizes exhaust heat - what 
used to go wasted - for the heater and to warm up the engine, allowing quicker 
heater and engine warmups; 
 The flow volume of the exhaust gas is controlled carefully by the electric EGR 
(Exaust Gas Ricircolation) valve and is channeled into the intake manifold, 
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alleviating negative pressure in the manifold and decreasing pumping loss in the 
engine. Cooling the exhaust gas with the EGR cooler actualizes large volume 
EGR; 
 
 
Figure 6 : The gas/petrol engine used in Toyota hybrid technology (Prius' 1.8L 2ZR-FXE high-expansion 
ratio Atkinson cycle engine). Maximum power output:                    ; Maximum torque: 
                          (Toyota Source [97]) 
1.2.2 Pure Electric Vehicle (PEV) 
 The Pure Electric Vehicle (PEV), first built in Britain by Robert Davidson in 
1873, nearly 12 years earlier than the first gasoline-powered vehicle, consists of an 
energy source, a power converter, an electric motor and a mechanical transmission (see 
Figure 7 and Figure 8). 
 
 
Figure 7 : An example of Pure Electric Vehicle (PEV) : 
Citroën C Zero 
 
Figure 8 : Battery Electric Vehicle (Toyota Source 
[97]) 
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 These vehicles currently do not have adequate range when powered by batteries 
alone, and since recharging requires several hours, the vehicles are viewed as 
impractical for driving extended distances. Moreover, if air conditioning or heating is 
used, the vehicle’s range is further reduced. Thus a PEV is developed for short distances 
and designed for people living in urban areas (Figure 9). Accordingly, the hybrid 
concept, where the alternative power unit is used as a second source of energy, has 
gained acceptance and overcome some of the problems of pure electric vehicles. 
 
 
Figure 9 : Comparison between electric and hybrid vehicle (Toyota Source [97]) 
 Despite this, for instance, the Electric Vehicles Initiative (EVI) is a multi-
government policy forum dedicated to accelerating the introduction and adoption of 
electric vehicles worldwide. It is one of several initiatives launched in 2010 under the 
Clean Energy Ministerial, a high-level dialogue among energy ministers from the 
world’s major economies. Actually, it includes 15 member governments from Africa, 
Asia, Europe, and North America, as well as participation from the International Energy 
Agency (IEA). For EVI there are several actions that can help the world put at least 20 
million electric vehicles on the road by 2020. Stakeholders will play different roles. 
Every action does not have to happen in every country, and no one country or sector can 
do everything on its own. This “Opportunity Matrix” in Figure 10 illustrates which 
sectors are best suited to take the lead in the four areas of need by identifying 
opportunities for the public and private sectors to work together [98]. These areas are: 
 Technology;  Market 
 Finance;  Policy 
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 In sum, although a long history of repeated obstacles and setbacks, electric 
mobility continues to advance toward a better state of art and a more durable market 
presence. Indeed, EVs continue to open up a variety of consumer segments not 
considered possible in the past. This is not to say that the road ahead will be easy, 
especially to meet countries’ ambitious sustainability goals. Significant market 
penetration will likely unfold gradually over a number of years, thus requiring a healthy 
dose of patience for those anticipating a new era of clean transport. Transforming the 
way automobiles are powered and scaling the requisite infrastructure will not occur in a 
matter of months. The challenges facing vehicle electrification are complex and will 
therefore necessitate a broad and coordinated effort among all relevant stakeholders to 
address them [98]. 
 Moreover, the electrification of the passenger fleet should be considered within 
the context of increasing urbanisation and population density. Today, half of the world’s 
population lives in cities and the United Nations projects the proportion will be closer to 
70% by 2050
2
. In order to avoid increased congestion and local air pollution, a broader 
mobility strategy is necessary. Improved and expanded public transit, enhanced 
pedestrian and bicycle access, and new “mobility services” should be components of 
such a strategy. EVs have a role to play in these smarter, more sustainable cities, and 
their technology has potential spillover benefits for a variety of industries. These effects 
could be both immediate and long-lasting, altering the world’s energy, economic, and 
political dynamics [98]. 
 Ultimately, a binary judgment of either the success or failure of electrification 
should not be applied at any one point in time. Rather, as the market continues to 
progress its development should be monitored, policy support assessed, and lessons 
applied. Tough questions should not be avoided; while insights gleaned should be used 
to employ broad-based and consequential solutions that will bring the world closer to 
the shared vision of sustainable transportation [98]. 
 
 
                                                 
2
 “U.N.: By ’09, Half the World Will Live in Cities,” USA Today, 26 February 2008. 
  
 
Figure 10 : Opportunity Matrix: pathways to 2020 for Electric Vehicles [98] 
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1.2.3 Hybrid Electric Vehicles (HEVs) 
 Hybrid Electric Vehicles (HEVs) consist of a conventional petrol or diesel ICE 
combined with an electric motor (EM) to serve as propulsion system of the vehicle 
(Figure 11). Therefore, they combine different power sources to maximize each one's 
strengths while compensating for the others' shortcomings, thereby the vehicle is driven 
by the ICE during the part of the drive cycle when its efficiency is high, then switched 
to the EM mode when the efficiency of the ICE is low, and finally stores energy in an 
electrical energy storage system during the breaking process – and the stored energy 
surplus is then made avaiable later during acceleration processes. 
 This electrical energy storage system is usually composed of batteries to operate 
more efficiently. In addition, there is an electric power conversion system including an 
inverter that converts DC of the batteries into AC to run the electrical motor and to 
convert AC from generator into DC to store electrical energy in the batteries. 
 The word “hybrid” means that mechanical functioning are replaced by a flexible 
electronic device. In fact, to perform effectively and to save energy during braking 
stages this kind of motor requires an electric power conversion which is typically 
managed by an Insulated Gate Bipolar Transistor (IGBT) module as a type of switching 
device. Unfortunately the thermal environment of a motor compartment is not suitable 
this type/any type of electronics. 
 
 
Figure 11 : Hybrid Electric Vehicle (HEV)(Toyota 
Source [97]) 
 
Figure 12 : Plug-In Hybrid Electric Vehicle 
(PHEV)(Toyota Source [97]) 
 Even the Plug-in Hybrid Electric Vehicles (PHEV) belongs to this category . 
This is a hybrid vehicle which can also recharge batteries directly from household 
electricity as an electric vehicle. It is an evolution through integration of hybrid and 
electric vehicles (Figure 12). During a “Plug-in Hybrid Vehicle Demonstration in 
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France” Toyota declared indeed that with frequent charges, the EV distance traveled 
increases, thereby reducing fuel consumption (see Figure 13), and users who charged 
their vehicles twice a day saved     in fuel over gasoline powered vehicles of the 
same class [97]. Besides, the greater the ratio of EV distance traveled, fuel efficiency  
 
 
Figure 13 : Average charging frequencies: A: approx. twice per day, B: approx. once per day, C: twice in 5 
days (Toyota Source [97]) 
improves for great returns in lowered running costs. For instance (Figure 14), in the 
case of the most fuel efficient user, A was able to save 7 euros per        travel 
distance which is the sum of gasoline cost and the electricity cost. We can see that, not 
only does frequent charging reduce gasoline consumption for environment-friendly 
driving, but it also makes the vehicle easy on the wallet too [97]. 
 
 
Figure 14 : Ratio of running costs per 100 Km traveled with a PHEV (Toyota Source [97]) 
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1.2.4 Fuel Cell Electric Vehicles (FCEVs) 
 The Fuel Cell Electric Vehicles (FCEVs), as shown in Figure 15, uses fuel 
cells as power system which generate electricity from hydrogen. The latter is not only 
environmentally friendly and highly energy-efficient, but can also be produced using a 
variety of readily available raw materials. Thanks to these characteristics, fuel cell 
vehicles are ideal for achieving sustainable mobility [95]. 
 
 
Figure 15 : Fuel Cell Electric Vehicles (FCEV) (Toyota Source [97]) 
 The fuel cell generates electricity through a chemical reaction between hydrogen 
and oxygen. Hydrogen and ambient air are respectively supplied to the anode (negative) 
and the cathode (positive) of the fuel cell to generate electricity. The mechanism of 
electricity generation from hydrogen and oxygen in a fuel cell can be summarized as 
follows (Figure 16): 
1. Hydrogen is supplied to the anode side; 
2. Hydrogen molecules activated by the anode catalyst release electrons; 
3. The electrons released from hydrogen travel from the anode to the cathode, 
creating an electrical current; 
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4. Hydrogen molecules that released electrons become hydrogen ions and move 
through the polymer electrolyte membrane to the cathode side; 
5. Hydrogen ions bond with airborne oxygen and electrons on the cathode catalyst 
to form water. 
High energy efficiency is one big advantage of using hydrogen in a fuel cell. Since it is 
possible to produce electricity directly from hydrogen without combustion, theoretically 
    of the energy held in a hydrogen molecule can be converted into electrical energy, 
which is currently more than double the energy efficiency of a gasoline powered engine 
[97]. 
 
 
 
 
 
Figure 16 : Fuel Cell Electric Vehicles (FCEV), its working principle and an example of a fuel cell (Toyota 
Source [97]) 
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1.2.5 Hybrid Electric Vehicle Configurations 
 There are several hardware configurations whereby the ICE is combined with 
EM to form the hybrid propulsion system. The major hardware configurations are: 
 Series Hybrid Electric Vehicle (S-HEV); 
 Parallel Hybrid Electric Vehicle (P-HEV); 
 Series-Parallel Hybrid Electric Vehicle (SP-HEV). 
1.2.5.1 Series Hybrid Electric Vehicle (S-HEV) 
 In a Series Hybrid Electric Vehicle (S-HEV) the ICE drives an electric 
generator (usually a three-phase alternator plus rectifier) instead of directly driving the 
wheels. Thus, as depicted in Figure 17, the EM is the only means of providing power to 
the wheels whereas the generator both charges a battery and boots the EM. When large 
amounts of power are required, the electric motor draws electricity from both the 
batteries and the generator. In other words, power from the petrol engine to the electric 
motor is connected in series, hence the name Series Hybrid System. 
 
 
Figure 17 : Structure of a Series Hybrid Electric 
Vehicle (S-HEV) (Toyota Source [97]) 
 
Figure 18 : Series Hybrid Electric Vehicle (S-HEV) 
 Series hybrid configurations have already existed for a long time in the form of 
diesel-electric locomotives, hydraulic earth moving machines, diesel-electric power 
groups, or loaders. Weaknesses of S-HEVs are: 
 The ICE, the generator and the EM are dimensioned to handle the full power of 
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the vehicle. Therefore, the total weight, cost and size of the powertrain can be 
excessive; 
 The power from the ICE has to run through both the generator and EM. During 
driving on long-distance motorways, the total efficiency is inferior to a 
conventional transmission, due to the need for several energy conversions.  
Advantages of S-HEVs are: 
 There is no mechanical link between the ICE and the wheels. The engine-
generator group can be located everywhere; 
 There are no conventional mechanical transmission elements (such as gearbox, 
transmission shafts). Separate electric wheel motors can be easily implemented; 
 The ICE can operate in a narrow rpm range (its most efficient range), even as 
the car changes speed; 
 S-HEVs are relatively the most efficient above all during stop-and-go city 
driving in cities. 
An example of S-HEV is Renault Kangoo (see Figure 19). 
 
 
Figure 19 : An example of S-HEV (Renault Kangoo)(Renault source) 
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1.2.5.2 Parallel Hybrid Electric Vehicle (P-HEV) 
 The name of the system comes from the fact that the power sources run in 
parallel. Thus the wheels are driven by an ICE and an EM in parallel connected to a 
mechanical transmission as shown in Figure 20. The petrol engine is the primary power 
source whereas the electric motor is used to supplement power during acceleration. 
 
 
Figure 20 : Structure of a Parallel Hybrid Electric 
vehicle (P-HEV) (Toyota Source [97]) 
 
Figure 21 : Parallel Hybrid Electric vehicle (P-HEV) 
 Most designs combine a large electrical generator and a motor in one unit, often 
located between the ICE and the transmission, replacing both the conventional starter 
motor and the alternator (Figure 21). The battery can be recharged during regenerative 
breaking processes, and during cruising when the ICE power is higher than the required 
power for propulsion. As there is a fixed mechanical link between the wheels and the 
motor (no clutch), the battery cannot be charged when the car is not moving. Only when 
the vehicle is using electrical traction power, or during braking processes while 
regenerating energy, the ICE is not running (it is disconnected by a clutch) or not 
powered either (it rotates while idling). 
 The parallel configuration supports different operating modes as illustrated in 
Figure 22 below: 
a) “Electric power only” mode:  up to speeds of usually        , the EM is 
only supplied by the energy of the batteries, which are not being recharged by 
the ICE. This is the usual way of operating while driving around the city, as well 
as in reverse gear, since during reverse gear the speed is limited; 
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Figure 22 : Some typical modes for a P-HEV configuration (PE= Power electronics; TX= Transmission) 
b) “ICE power only” mode:   at speeds superior to        , only the 
heat engine is operating. This is the normal way of operating on interurban 
roads; 
b) “ICE + electric power” mode:  if more energy is needed (as is the case 
during acceleration or at high speed), the EM starts working in parallel to the 
heat engine achieving greater power; 
c) “ICE + battery charging” mode:  if less power is required, the surplus of 
energy is used to charge the batteries, operating the engine at a higher torque 
than necessary (it is therefore running more efficienctly); 
d) “Regenerative breaking” mode: while braking or decelerating, the EM 
profits from the kinetic energy of the moving vehicle  acting as a generator. 
Weaknesses of P-HEVs are: 
 Rather complicated system; 
 The ICE does not operate in a narrow or constant rpm range, thus efficiency 
drops at low rotation speed; 
 As the ICE is not decoupled from the wheels, the battery cannot be charged at 
vehicle standstill. 
Advantages of P-HEVs are: 
 The total efficiency is higher during cruising and long-distance highway driving; 
 Large flexibility which allows to to switch between electric and ICE power; 
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 Compared to series hybrids, the EM is less powerfully designable than the ICE, 
as it is assisting traction. Only one electrical motor/generator is required. 
An example of P-HEVs is Honda Civic (Figure 23) : 
 
 
Figure 23 : An example of P-HEV (Honda Civic) (Honda source) 
1.2.5.3 Series-Parallel Hybrid Electric Vehicle (SP-HEV) 
 With the Series Parallel Hybrid System, it is possible to drive the wheels using 
the dual sources of power (EM and/or ICE), as well as to generate electricity while 
running on the electric motors. In fact, there is a double connection between the engine 
and the drive axle, mechanical and electrical, thanks to a Power-split devices (PSD). 
The latter is incorporated in the powertrain, and transfers part of the power produced by 
the gas/petrol engine to drive the wheels, and the rest to the generator to either provide 
electric power for the electric motors or to recharge the battery (see Figure 24). 
 In sum, the power to the wheels can be either mechanical or electrical or both. 
This is also the case in parallel hybrids. But the main principle behind the combined 
system is the decoupling of the power supplied by the engine from the power demanded 
by the driver. The working principle is clearly shown also in Figure 28. 
 In a conventional vehicle, a larger engine is used to provide acceleration from 
standstill than one needed for steady speed cruising. This is because a combustion 
engine's torque is minimal at lower RPMs, as the engine is its own air pump. On the 
other hand, an electric motor exhibits maximum torque at stall and is well suited to 
complement the engine's torque deficiency at low RPMs. In a combined hybrid, a 
smaller, less flexible, and highly efficient engine can be used. It is often a variation of 
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the conventional Otto cycle, such as the Miller or Atkinson cycle. This contributes 
significantly to the higher overall efficiency of the vehicle, with regenerative braking 
playing a much smaller role. 
 
 
Figure 24 : Structure of a Series-Parallele Hybrid Electric Vehicle (SP-HEV) (Toyota Source [97]) 
 At lower speeds, this system operates as a series HEV, while at high speeds, 
where the series powertrain is less efficient, the engine takes over (see Figure 26). This 
system is more expensive than a pure parallel system as it needs an extra generator, a 
mechanical split power system and more computing power to control the dual system. 
 
 
Figure 25 : Combined HEV with planetary unit as used in the Toyota Prius 
Weaknesses of SP-HEVs are:  
 Very complicated system, more expensive than P-HEV; 
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 The efficiency of the power train transmission hinges on the amount of power 
being transmitted over the electrical path, since multiple conversions - each with 
their own efficiency - lead to a lower efficiency of that path (    ) compared 
with to purely mechanical paths (   ). 
 
Figure 26 : Combined hybrid electric modes 
Advantages of SP-HEVs are : 
 Maximal flexibility to switch between electric and ICE power; 
 Decoupling of the power supplied by the engine from the power demanded by 
the driver allows for a smaller, lighter, and more efficient ICE design. 
There are many examples of SP-HEVs : Toyota Prius (Figure 27), Auris, Lexus 
CT200h, Lexus RX400h. 
 
 
Figure 27 : An example of SP-HEV (Toyota Prius) (Toyota Source) 
  
 
   
(a) Start (b) Low-speed Driving (c-d) Cruising and Cruising Recharging 
   
(e) Full Acceleration (e) Deceleration (f) Stop 
Figure 28 : Working principle of a SP-HEV (Toyota Source [97]) 
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1.2.6 Batteries 
 Batteries are one of the most important parts of electric and hybrid vehicles. A 
battery produces electricity by means of chemical action. It consists of one or more 
electric cells, and each cell has all the chemicals and parts needed to produce an electric 
current. The most important criteria used for battery selection are listed below in     
Table 3. 
 
Table 3 : Most important criteria used for battery selection 
Temperature Cell configuration 
Specific Energy      ⁄   Life span (charge/discharge cycle) 
Specific Power     ⁄   Safety 
Service life Operating environment 
Shelf life Recycling 
Cost        ⁄   Minimal memory effect 
Reliability Efficiency 
Self - discharge  
 
 Safety is one of the most important aspects when choosing a battery for the 
electric vehicle. A single incident blown out of proportion by the media could turn the 
public against such a vehicle. Similar concerns occurred 100 years ago when steam 
engines exploded and gasoline tanks caught fire. The main concern is a thermal 
runaway of the battery. Carefully designed safety circuits with robust enclosures should 
virtually eliminate this, but the possibility of a serious accident exists. A battery must 
also be safe when exposed to misuse and advancing age. 
 Specific energy      ⁄   demonstrates how much energy a battery can hold in 
weight, which reflects the driving range. It is sobering to realize that in terms of output 
per weight, a battery generates only one percent the energy of fossil fuel. One kilogram 
(    liter,      gallons) of gasoline produces roughly       , whereas a      battery 
delivers about      . We must keep in mind that the electric motor is better than 90 
percent efficient while the ICE comes in at only about    . In spite of this difference, 
the energy storage capability of a battery will need to double and quadruple before it 
can compete head-to-head with the ICE. 
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 Specific power     ⁄  , i.e. the ability to deliver high current on demand, 
demonstrates acceleration, and most EV batteries respond well. An electric motor with 
the same horsepower has a better torque ratio than an ICE. 
 Performance, i.e. the ability to function at hot and cold temperatures, reflects 
the condition of the battery when driving the EV in blistering summer heat and freezing 
temperatures. Unlike an ICE that works over a large temperature range, batteries are 
sensitive to cold and heat and require some climate control. In vehicles powered solely 
by a battery, the energy to moderate the battery temperature, as well as heat and cool the 
cabin, comes from the battery. 
 Life Span reflects cycle count and longevity. Most EV batteries are guaranteed 
for  –    years or       . Capacity loss through aging is a challenge, especially in hot 
climates. Auto manufacturers lack information as to how batteries age under different 
user conditions and climates. To compensate for capacity loss, EV manufacturers 
increase the size of the batteries to allow for some degradation within the guaranteed 
service life. 
 Cost presents a major drawback. The mandated protection circuits for safety, 
battery managements for status, climate control for longevity and the  –   year 
warranty add to this challenge. The price of the battery alone amounts to the value of a 
vehicle with ICE, essentially doubling the price of the EV. 
 
Figure 29 : Batteries for electric vehicles. Challenges, opportunities and outlook for 2020, with special 
permission from the Boston Consulting Group (BCG), ©2010 
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 Figure 29 compares batteries in terms of some of the parameters in the previous 
table. There is no mention of the charge times. All batteries offered for EV powertrains 
can be charged reasonably fast if a suitable electrical power outlet is available. A charge 
time of a few hours is acceptable for most users, and super-fast charging is the 
exception. Nor does the table reveal self-discharge, another battery characteristic that 
needs scrutiny. In general, Li-ion batteries have low self-discharge, and this parameter 
can mostly be ignored when the battery is new. However, aging when exposed to heat 
pockets can increase the self-discharge of the affected cells and cause management 
problems. Among the EV battery candidates, Li-phosphate exhibits a higher self-
discharge than the other systems. 
 None of the five battery candidates in the figure above show a significant 
advantage over others, and the size of the spider fields are similar in volume, although 
different in shape. Focusing on one strong attribute inevitably discounts another. NCA, 
for example, has a high capacity but presents a safety challenge, whereas Li-phosphate 
is a safer system but has lower capacity. In the absence of a clear winner, car 
manufacturers include peripherals to compensate for the deficiencies. Battery 
manufacturers in turn assist by custom-designing the cell to strengthen the important 
characteristics needed for the application. 
 
Table 4 : Comparison between the characteristics of the five most commonly used rechargeable battery 
systems in electric and hybrid vehicles [101] 
 Pb-acid Ni-MH Lithium 
LFP 
Lithium 
NMC 
Na-NiCl 
Specific Energy 𝑾𝒉/𝒌𝒈  30-45 70-95 100-120 150-180 (*) 60-130 (°) 100-120 
Specific Power (‘) 𝑾/𝒌𝒈  250 200-300 200 300-500 (*) 1300-2000 (°) 155-190 
% Efficiency 80-85 70-75 90 >95 >95 
Cycle Life 
(to 80% of initial 
capacity) 
500-1000 800-2000 1000-3000 1000-3000 3000 
Self-discharge % 
per month 
3-5 2-8  2-8 15 per 
day 
Cost  €/𝒌𝑾𝒉  150-200 500-900 300 400-900 400-500 
(‘)Power in discharge   (*) NMC of high energy   (°)NMC of high power 
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Table 5 : Qualitative comparison between the most suitable or promising batteries for electric vehicles [101] 
 Benefits Disadvantages 
Pb-acid  Low cost 
 Established technology 
 Low specific power 
 Low specific energy 
Ni-MH  High specific energy 
 High specific power 
 Very competitive 
 Careful thermal management 
required 
 Lower specific energy than 
lithium 
 Memory effect 
Lithium  
(Whole family) 
 High specific energy 
 High specific power 
 Potentialy competitive 
 Technology not properly 
developed 
 Security problem (possible 
explosion) 
 Careful thermal management  
and equalisation required 
Na-NiCl  More established technology 
than Lithium 
 High specific energy 
 Reasonable costs 
 High self-discharge 
 Unsuitable for hybrid 
vehicles (low specific power) 
1.2.7 Insulated Gate Bipolar Transistor (IGBT) 
 IGBTs are the predominant power semiconductors for high current applications 
in electrical and hybrid vehicles, and for controlling the energy flow precisely and with 
high efficiency from the source to the load (Figure 30). The requirements for these 
semiconductor devices are very good electrical and thermal performance, excellent 
capabilities towards ruggedness and proved zero defect reliability data [102]. 
 Electric traction drives for EVs and HEVs have a power range of          , 
depending on the vehicle class, type, size and the propulsion drive configuration. 
Furthermore, the electrical power train is not standardised in EVs and HEVs, and there 
are different types of electrical motors used today such as motors with permanent 
magnet (PM) synchronous, induction and switched reluctance machines. The nominal 
DC supply voltage for EV and HEV traction drives, therefore, is not yet standardised, 
and can range from     DC (e.g for micro electrical vehicles) to      DC (e.g for 
class B family vehicles) depending on the battery type and configuration [102]. 
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Figure 30 : Application of IGBT in automotive application (Source: Renesas Electronics Corporation) 
 For the EVs and HEVs using AC motors, three-phase voltage source inverters 
with classic six switch bridge topology are used for both the induction and synchronous 
electrical motors. This power converter configuration is bidirectional and allows the 
power to flow from the electrical motor back to the electrical energy source (e.g., 
batteries) during regenerative braking. In the last years, IGBTs are used more and more 
as power switches in EVs and HEVs electric traction drives, integrated in compact 
power modules comprising either a single phase leg including two power switches or a 
complete six switch inverter bridge. 
 IGBT modules that can withstand the automotive harsh environmental operation 
stresses, with switching ratings up to           and up to    –      are used for 
EV and HEV applications. For these applications the OEMs require that the IGBT 
modules pass around        thermal cycles with a    of     and 1000 extreme 
thermal cycles from      to      [102]. 
 IGBTs combine the high input impedance and speed of MOSFETs, with the 
high conductivity (high current density) of bipolar Darlington transistors. IGBTs 
simplify design circuitry over bipolar devices and make it possible to perform high 
speed switching with reduced noise in inverters and reduce the size and weight of EV 
and HEV automotive applications. The major domain of IGBT in industrial high power 
applications is the basis to use these switches in automotive EV power train 
applications. The adoption of reliability criteria and the conversion of module properties 
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make them usable in mobile application under the special requirements for the vehicle 
operation and the temperature environment and the related cooling methods. 
 The EV and HEV power electronics systems require IGBT modules for     , 
     and       voltage for full IGBT configuration and      and      for a 
combination of MOSFET and IGBT technology. The IGBT devices required are based 
on Trench and Field stop technology (for low conduction losses), with current 
specifications vary from     to      [102]. 
 New challenges have to be address in the areas of high temperature, 
miniaturisation, low cost, integration in electric motors and standards for power 
electronic components. In this context, the major targets for research and development 
activities for IGBTs based modules are advancements in the conversion efficiency, 
increased temperature ratings, reliability improvements for high temperature cycling, 
compact and simple cooling solutions and cost reductions. From this perspective the 
path to efficient components and modules with increased power density for automotive 
power applications is given by advancements in the area of silicon and design 
optimisations, advanced interconnect methods and research on new materials with 
enhanced properties [102]. 
 
 
(a) 
 
(b) 
Figure 31 : Power Control Unit used in Toyota's hybrid technology: (a) case of HEV; (b) case of FCEV 
(Toyota Source [97]) 
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1.3 Thermal Requirements of Hybrid Electrical Vehicle Components 
1.3.1 NaS Batteries 
 The excessive heat must be removed from the batteries during processes of 
normal operation and rapid recharge due to internal resistance heat. In order to minimise 
the losses of stored energy the heat transferred to or from the battery during quiescent 
periods must be adequate to maintain the temperature of battery at an ideal temperature 
range (ideally in the region of          according to Burch et al.[22]). 
1.3.2 Lead acid Batteries 
 The ideal operating temperature range for these batteries (according to Richter) 
is between        [23]. 
1.3.3 IGBT modules 
 It is desiderable that the heat flux from IGBT module case to a heat sink is up to 
        [16]. 
 For safe operation and high reliability, IGBT modules case temperature should 
be maintained at an ideal level less than     and generallly not exceed      : with 
the usual traction drive ambient maximum temperature being     the recommended 
temperature difference between the case and the ambient is    . 
 The thermal resistance     (i.e the temperature increase of the case above the 
inlet ambient air per dissipated heat) is a commonly used selection criterion for various 
heat sink coolers expressed in     or in      (e.g              in the case of 
dissipated heat       and a recommended temperature difference       ). 
1.4 Thermal Management of Hybrid Electrical Vehicle Components 
1.4.1 Thermal Management of Batteries 
 There are two main problems caused by temperature: high temperature during 
charge and discharge processes, and the uneven temperature distribution within the 
battery pack. The first problem may give rise to excessive temperatures above the 
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permissible levels and decrease the battery performance; the second one may cause 
localised deterioration. Therefore temperature uniformity within a cell and from cell to 
cell is important to ensure a maximum cycle lifespam of the cells, module, and          
pack [69]. 
 To optimise the performance of the battery and pack/module the thermal energy 
management system should have: 
 Optimal operating temperature range for every cell and all battery modules, 
rejecting heat in hot climates/adding heat in cold climates; 
 Small temperature variations within a cells and module; 
 Small temperature variations among various modules; 
 Compact and lightweight, easily packaged, reliable, low-cost and easy for 
service; 
 A provision for ventilation if the battery generates potentially hazardous gases. 
 
 
Figure 32 : Thermal management using air [61] 
 
Figure 33 : Thermal management using liquid [61] 
 The thermal management system may be classified into two categories: passive 
(i.e., only the ambient environment is used) and active (i.e., a built-in source provides 
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heating and/or cooling). Moreover it can be also divided into four sub-categories based 
on the relevant medium: 
 Air for heat/cooling/ventilation (Figure 32); 
 Liquid for cooling/heating, e.g. Pulsating Heat Pipes (Figure 33); 
 Phase change materials (PCM) (Figure 34); 
 Combination of the three. 
 
 
Figure 34 : Thermal management using PCM [61] 
1.4.1.1 Air for thermal management 
 The use of air for the battery thermal management may be considered the 
simplest approach: these air cooling systems are often used for these vehicles because of 
their low costs and due to space limitations [68]. Heat transfer through the air is 
accomplished by directing/blowing the air parallel or serial across (and through) the 
battery module/pack. For instance Zolot et al. [39] used a parallel airflow scheme in a 
Toyota Prius hybrid electric vehicle to cool the battery (also used for heating). 
1.4.1.2 Liquid for thermal management 
 Since with air it is difficult to heat up the battery rapidly, water due to its higher 
conductivity than air is a suitable alternative for battery thermal management. 
Most of the past studies indeed showed that the heat dissipation could not be 
significantly alleviated by natural or forced convection of air, particularly in large-scale 
batteries [71].  
 The battery thermal management system that use liquids can either be sustained 
through discrete tubing around each module and a jacket around the module; by 
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submerging modules in a dielectric fluid for direct contact, or by placing the modules on 
a liquid heated/cooled plate (heat sink) [36]. The heat transfer medium could either be 
water, glycol, oil, acetone or even refrigerants. 
 Pesaran [36,37] discussed the performance of liquid cooling versus air cooling, 
cooling and heating versus cooling only systems. According to the results of his 
experiment he suggested that using air as the heat transfer medium is less complicated, 
though less effective, than a system using liquid cooling/heating. For parallel HEVs air 
is more suitable, whereas for PEVs and S-HEVs liquid might be required. More ecently 
(in 2010), Pendergast et al. [72] used Panasonic (CGR18650E) cells and housed them 
inside a triangular aluminum module while putting them under water. Their experiment 
can be also seen as a simple water-cooling battery thermal management. 
1.4.1.3 PCMs for thermal management 
 The applicability of PCMs for thermal management derives from the concept 
according to which an ideal thermal management system should be able to maintain the 
battery pack at an optimum temperature without compromising volume, weight and 
costs. The thermal management systems such as forced air-cooling and liquid-cooling 
make the overall system too bulky, complex and expensive in terms of blower, fans, 
pumps, pipes and other accessories. 
 The usage of PCM for battery thermal energy management was proposed for 
electric and hybrid electric vehicle applications. As first of all demonstrated by Al-
Hallaj and Selman [74] and patented by Al-Hallaj and Selman [84] it performs better 
than the conventional thermal management system. 
 In this device the battery cells in the battery pack are placed in direct contact 
with the composite PCM (Figure 35). As the pack is heating up, the graphite acts as a 
thermal conductor spreading the heat evenly throughout the pack, while avoiding hot 
spots and ensuring temperature uniformity. Once the temperature reaches the melting 
point of the PCM all additional thermal energy is absorbed by the melting process rather 
than continuing to raise the temperature. In this way the melting point of the PCM sets a 
temperature ceiling that cannot be exceeded unless all of the PCM is melted (see graph 
below). Even though the PCM is “melting” the composite material itself remains solid 
even at extremely high temperatures and nothing leaks out. By selecting different raw 
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materials and designing each product’s lithium-ion chemistry according to the duty 
cycle, the PCM can control the maximum temperature in each pack to ensure optimal 
performance and extend the cycle lifespam (Figure 36). 
 
 
Figure 35 : Structure of a PCM [61] 
 
Figure 36 : Performance of a PCM [61]  
 Selman and Al-Hallaj [75] shared their laboratory test results of a Li-ion battery 
designed for electric scooter application with four different modes of heat dissipation: 
(i) natural convection cooling; (ii) presence of aluminum foam heat transfer matrix; (iii) 
use of phase change material; (iv) combination of aluminum foam and PCM. Their 
experiment showed that method (iv) obtained the best results and was most effective; 
from the comparative data analysis they also suggested the future viability of the PCM 
conductivity. The PCM offers safety under stressed conditions considering the 
conduction and absorption of heat.  
  
CHAPTER 1 – THERMAL MANAGEMENT IN AUTOMOTIVE APPLICATIONS 
 
  
35 
1.4.2 Thermal Management of IGBTs 
 Several methods for cooling IGBT modules such as cold plates, extruded 
aluminium heat sinks, bonded fin heat sinks, liquid and fan-cooled modules are used in 
standard applications [16,102]. It is possible to list the mas follows: 
 HIGH PERFORMANCE ALUMINIUM AIR COOLERS with: [26,91] 
Pressed - in fins; 
Hollow – fin profiles; 
Epoxy bonded fins; 
Solder – plated aluminium sheet; 
Corrugated (folded) fins; 
 LIQUID COOLERS [57]; 
 HEAT PIPE OR THERMOSYPHON COOLERS [27,28,58]; 
 PULSATING HEAT PIPE COOLERS; 
 
Each of these types has its merits and draw-backs because for the right choice of an 
appropriate cooling system one must not only take into consideration the thermal 
parameters such as a thermal resistance, but also design and stability of the system, as 
well as durability, price and the lifespam. 
 Therefore, the key factors in the design of coolers for IGBT power modules in 
EV and HEV applications are high reliability, compatibility, light weight, along with 
strength and stiffness. At the same time optimum thermal performance and high 
reliability throughout the product life cycle is required [102]. 
 For instance, liquid cooling is an effective method to dissipate heat (     ) 
in EV and HEV power module [102]. The use AlSiC coolers provide an isotropic 
thermal expansion that is compatible with IGBT die/electronic substrate to reduce 
mechanically induced stresses during power thermal cycling for improved electronics 
and module reliability and the pin fin geometries that are required for optimum liquid 
cooling. The AlSiC device compatible thermal expansion (        ) simplifies IGBT 
assembly compared to Cu pin fin coolers (         ) thermal expansion, eliminating 
the need for stress compensation layers that increase thermal resistance, assembly 
complexity and IGBT power module cost. The AlSiC has higher strength and stiffness 
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than Cu, is lightweight, which make possible to miniaturize the IGBT modules, reduce 
their weight and make them tolerant to shock and vibration. 
1.4.2.1 Heat Pipe coolers 
 Heat Pipe coolers are assembled from one or two rows of arrays of copper tubes 
filled with water, methanol and so on. It is possible to find two zones (Figure 37): 
 Evaporator zone  it is the part of the array usually mounted in a  
   copper/aluminium input pad (block); 
 Condenser zone it is the other part of the array attached to a series  
   of aluminium or copper fins. It provides a mechanism for 
   heat rejection to the final heat sink, usually air either 
   through natural or forced convection. The pitch of the 
   fins is usually       (in the case of forced air  
   convection) or       (in the case of natural air 
   convection). 
IGBT modules are screwed into one or both sides of the input pad. 
 
 
Figure 37 : Schematic of Heat Pipe cooler of IGBT modules [16] 
 Three methods are used to minimise contact thermal resistance between input 
block hole surface and outer evaporator tube surface: 
 Hydraulic expansion of the tube to the block; 
 Soft soldering of the tube to the block; 
 Screwing the tube to the hole in the block; 
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Their thermal resistance depends on the exact inclination (the normal inclination is 
given at bottom heat mode). The company Actronics has developed a new type of heat 
pipe: the so-called pulsating heat pipe cooler [29] with the aim to reduce (or nullify) the 
dependency between thermal resistance and inclination. The working fluid inside the 
tubes is circulating continuously between the heat source and the heat sink in the form 
of counter current two-phase flows. Their thermal performance is usually limited by the 
interaction of the counter current flow steam liquid inside the tube (interaction limit) 
and by the dried out evaporator walls (evaporator limit). 
1.4.2.2 Pulsating Heat Pipe Coolers 
 The present designs of pulsating heat pipe coolers of IGBT modules in traction 
drives are as follows:  
 Kenzan Fin PHP; 
 Heat Lane PHP. 
Kenzan Fin PHP is a bundle of turns of capillary smooth tubes created usually by 
bending a long continuous capillary tube (Figure 38, Figure 39). It consists of an 
evaporator (it is the part of tube turns soldered to an input pad) and a condenser (it is the 
other part of the tube turns which serves as radiation pins, so called ‘fins’). It can be 
cooled by natural convection or forced air convection and the typical dimensions for 
these devices are described below (see Table 6). Its electronic component is attached to 
the input pad surface and the thermal resistance is practically independent from the 
inclination of the cooler. 
 
 
Figure 38 : Kenzan Fin PHP coolers of IGBT 
modules - natural air convection [17]  
Figure 39 : Kenzan Fin PHP cooler of IGBT modules - forced 
air convection [17] 
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Table 6 : Kenzan Fin typical dimensions [17] 
 Natural Air Convection Forced Air Convection 
Number of 
turns 
1500 424 
Material copper capillary tube copper capillary tube 
Internal 
diameter 
          
length of 
condenser 
            
Dimensions 
of input pad 
                                    
Thermal 
resistance 
                   
Thermal 
performance 
            
Face air 
velocity 
-      
   
  
 The stereo-type heat lane is used to control the temperature of IGBTs and was 
studied by Akachi and Miyazachi (1997) [18]. It consists of a bundle of turns created by 
bending a long continuously extruded metallic flat plate sandwiched between two heat 
input plates and with capillary channels inside (Figure 40). Both ends of the extruded 
plate are preformed in such a way that the capillary channels are repeatedly turned at 
both ends to form a serpentine tunnel, and the ends of the plate are pressed and 
hermetically sealed by welding.  
 
 
Figure 40 : Construction of Steroe-type heat lane [18] 
 
Figure 41 : Cooling of IGBT's using a 
Stereo-type heat lane [18] 
 
  
CHAPTER 1 – THERMAL MANAGEMENT IN AUTOMOTIVE APPLICATIONS 
 
  
39 
The IGBT are attached to the heat input plates and cooled using forced convection 
(Figure 41). De Villers (2000) concluded that the use of this device significantly 
reduces the size of cooling systems currently used for the same application. 
Similarly to Kenzan Fin’s design we can find an evaporator (it is the one part of tube 
turns which is soldered to an input pad) and a condenser (it is the other part of tube 
turns and serves as radiation pins, so called fins); it can be cooled by natural convection 
and forced air convection. The typical dimensions for these devices are described below 
(see Table 7). 
 
Table 7 : Heat Lane PHP typical dimensions [16] 
 Natural Air Convection 
Number of rows    
Number of turn for each row    
Material Copper bent flat plate 
Width and thickness of flat plate            
Number of channels inside the plate    
Dimensions of input pad                       
Length of radiating turns       
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1.5 Two phase systems as a thermal management device in 
automotive applications 
 The importance of two-phase systems such as Heat Pipes and Pulsating Heat 
Pipes on thermal management of both batteries and IGBTs is clearly put in evidence 
when looking at Table 8 which indicates the trade-off analysis of the different methods 
discussed above (the results are all related to battery thermal management). 
 
Table 8 : Trade-off analysis of the battery thermal management [61] 
 Air forced Liquid Heat Pipe PCM 
Ease of use Easy Difficult Moderate Easy 
Integration Easy Difficult Moderate Easy 
Efficiency Low High High High 
Temperature drop Small Large Large Large 
Temperature distribute Uneven Even Moderate Even 
Maintenance Easy Difficult Moderate Easy 
Life  20 years     years   20 years   20 years 
First cost Low High High Moderate 
Annual cost Low High Moderate Low 
 
 Heat Pipes, first suggested by R.S. Gaugler in 1942, have been drawn more 
attention in recent years. A heat pipe consists of a sealed container whose inner surfaces 
have a capillary wicking material which provides the driving force to return the 
condensate back into the evaporator. In Wu et al. [76], two heat pipes with metallic 
aluminum fin were attached to the battery (Li-ion, 12   , cylindrical,      in 
diameter,       in length) wall to mitigate the temperature rise. Their experimental 
and simulation results showed that the heat pipe significantly reduced the rise in 
temperature, especially with the help of metallic aluminum fin. 
 Jang and Rhi [73] adopted a loop thermosyphon (similar to heat pipe) cooling 
method accounting for high efficiency cooling. The system combined the heat pipe with 
air cooling: the heating section was distributed on the surface of the battery while the 
fan was blowing cool air over the condenser section. Their experiment showed that the 
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operating temperature was under     with pure water being the medium, and     in 
the case of acetone. 
 Regarding Pulsating Heat Pipe, Swanepoel did a lot of works in his thesis for 
his M. Sc. degree  in Engineering [89]. He designed a pulsating heat pipe (PHP) for the 
purpose of proving how “Optima Spirocell” (          ) lead acid batteries are 
thermally successfully managed and controlled by HEV components. The closed loop 
PHP is shown in Figure 42. 
 
 
Figure 42 : Aluminium closed loop PHP [89] 
To investigate of the feasibility of using PHP technology for the battery thermal 
management of HEVs, he positioned the batteries in the boot of the HEV, which is 
shown in Figure 43. The simulation and experiments showed that a successful PHP 
should be constructed with           to allow for ammonia to be used as working 
fluid and the PHP could be used for the battery thermal management with well design. 
 
 
Figure 43 : Schematics of the PHP used in the HEV [89] 
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2 PULSATING HEAT PIPES (PHP)  
 This chapter is devoted to clarifying what is known about current PHP working 
principles. 
2.1 Two-phase systems and PHP 
 The operation of modern passive heat transfer devices, from the readily available 
Heat Pipe (HP) to the new-born Pulsating Heat Pipe (PHP), is based on the combined 
action of three physical phenomena, such as phase-change, gravity and capillarity, as 
shown in Figure 44. Most of the times the three phenomena are acting together but there 
may be some extreme conditions where capillary effects are negligible (i.e. 
thermosyphons) or gravity effects are less important (i.e. sintered HP). 
 
 
Figure 44 : General schematic of two phase capillary driven heat transfer device [87] 
 Various types of two-phase passive heat transfer devices can be distinguished 
depending on the peculiar geometry and working principles: 
 The heat pipe (HP); 
 The capillary pumped loop (CPL) and the loop heat pipe (LHP);
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 The thermosyphon (TS); 
 The pulsating heat pipe (PHP). 
 
 
Figure 45 : PHP prototypes by Akachi (1993) 
 The Pulsating heat pipe (PHP), also known by many other names (such as 
oscillating heat pipe, bending capillary heat pipe, self-oscillating flow of heat pipe, 
mendering tube pulsating heat pipe) is a new type of most efficient two-phase passive 
heat transfer device introduced initially by Smyrnov G.F. and Savchenkov G.A. (1971) 
and reproposed in a simpler version by Akachi (1990), as shown in Figure 45 [79,80-
82] et al. [06]. 
 Characterised by its simple design, small size and excellent thermal 
performance, it is rather economical, relatively easy to build and suitable for high heat 
flux applications. Aside from its name it is different from the conventional heat pipe in 
of design and working principles (see section 2.7 for more details): in fact it is formed 
by connecting bundle of parallel capillary wickless tubes into a single ondulating series 
structure. It may thus be classified as a special category of heat pipes which can be 
considered the “last evolution” of the latest wickless heat pipe technology. 
 This family of heat pipes is extremely complex in many aspects of themo-fluidic 
sciences, and the exact operating mechanism of this system is not yet well understood 
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so that the present state of the art cannot yet predict the required design parameters for a 
given task [42,47]. 
 
 
Figure 46 : Some pratical design of Pulsating Heat Pipes [06] 
 Since its implementation it has shown real promise as adequate means to 
electronic cooling, also potentially suitable for thermal control applications for the 
space and avionic industry, and has become the most promising solution for higher heat 
dissipation of the smaller electronic components and efficient thermal management 
solution for the hight heat flux cooling of electronic equipment of any kind. It has been 
a focal point of research by many scholars [05,51]. 
2.2 Applications 
 The PHP is projected to meet all present and possibly future specific 
requirements ranging from electronic cooling to heat recovery. 
By 1977, the heat pipe technology spreads over as one of the most efficient and 
convenient “heat super-conductor” and it becomes established in many applications: 
 electronic cooling applications, especially where strict limitation of space and 
operating costs are applied [48]; 
 cooling of power electronics such as the diodes, thyristors, power modules, 
IGBT [06,11]; 
 automotive applications connected to the thermal management of hybrid 
electrical vehicles [89]; 
 cooling of CPU chip aimed at quickly and efficiently removing large quantities 
of heat from the chip in order to keep its temperature within the acceptable 
operational range [41] (Gi et al. [15] studied an “O” shaped PHP and showed 
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that the CPU temperature may be up to     with the heating power less than 
   , which is the maximum limit for the safe use of the CPU chip); 
 cooling of telecommunication devices and waste heat recovery [12]; 
 micro-electronic cooling of hight heat flux [50,53]; 
 die casting and injection moulding; 
 heat recovery and other energy conserving uses; 
 de-icing duties; 
 cooking; 
 control temperatures linked to manufacturing processes; 
 thermal management of spacecrafts; 
 renewable energy systems (solar collectors and concentrators); 
2.3 Historical development 
 “Drinking or Dunking Duck” (Figure 47) is a popular toy, which has amused 
generations of children and may be classified as the “Neanderthal” symbol in the 
evolutionary chain of modern pulsating heat pipes [17]. The bird’s body is usually made 
up of a glass tube with a bulb at one end (the bird’s head), and a tube extending into 
another glass bulb at the lower end making up the tail. The whole device (an isochoric 
system) is partially filled with a volatile working fluid (generally methylene chloride, 
boiling point     ). 
 
Figure 47 : The drinking duck operation [17] 
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 When the bird is in vertical position the vapour in the head does not connect 
with that in the tail section. The transfer of evaporative mass (water) from the 
wet/mouth end (aided by oscillating motion), generates a low vapour pressure inside. 
The working fluid thus gets pushed up into the neck disturbing the mechanical dynamic 
equilibrium vis-à-vis the position of the fulcrum. A time constant comes when the 
mouth end weighs more than the tail end due to liquid accumulation: the duck starts 
“drinking” water again. 
 In the horizontal position, the two vapour pockets are connected so that the 
liquid in the body can flow freely. All the liquid is pulled back by gravity again into the 
tail bulb. As upward vapour pressure difference builds up due to evaporation of water 
from the mouth end, the liquid will rise up again and the cycle continues. It is a classic 
example of a “closed passive two-phase systems” which generates “perpetual 
mechanical motion“ by means of evaporative heat transfer (volumetric filling ratio of 
the vapour/liquid remains constant throughout the operation). 
 A more formal presentation of an analogous concept of a PHP is given in a 
patent filed in the former USSR by Smyrnov G.F. and Savchenkov G.A. (1971). [83] 
(see Figure 48): this PHP was the first wickless system able to operate against gravity 
and Smyrnov made use of his inventions in various refrigeration systems [87]. Although 
the fundamental concept of “Pulsaing Heat Pipe” is inherent to this patent the optimal 
exploitation from an engineering point of view has been achieved in the design 
proposed by Akachi et al [06,82]. 
 
Figure 48 : Design as patented by Smyrnov [83] 
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When looking at the picture below a PHP consists of two container bulbs, an evaporator 
‘E’, a condenser ‘C’, and a joining tube ‘T’.At the beginning of each operation the 
evaporator end and the connecting tube are completely filled with the working fluid 
while the condenser end is partially filled, the rest being a passive, non-participating 
gas, as shown. Heating at the evaporator end expands the working fluid and pushes it 
into the condenser bulb. Further heating generates vapour in the evaporator bulb and 
pushes the liquid further into the condenser, thereby compressing the trapped passive 
gas. Simultaneously, the vapour also starts being condensed at the inner surface of the 
connecting tube thereby reducing the pressure locally. In addition, the passive gas is 
compressed substantially by this stage. Depending on the instantaneous prevalent 
pressure (mis-)distribution in various sub-sections of the device, the potential energy 
stored in the passive gas will, at some stage, push the liquid back to the evaporator bulb. 
The cycle thus repeats by thermo-mechanical sustained non-equilibrium generated by 
closed passive two-phase, two-component system trapped in isochoric geometry. 
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2.4 PHP Structure 
 Throughout the latest (academic) literature a plethora of different 3D geometries 
(Figure 45) can be found even though the planar configuration is the most used. 
Traditional PHPs include two prominent designs: 
 Tubular Pulsating Heat Pipe (T-PHP); 
 Flat - Plate Pulsating Heat Pipe (FP-PHP). 
The first type consists of a long copper capillary tube bent in many turns, which is 
firstly evacuated, then partially filled with a working fluid and finally sealed. 
The second type is simply made up by a copper block into which is machined a single 
shaped groove forming a series of many turns (Figure 49) so that the main macroscopic 
difference is only palpable in the different manufacturing (style) of the device; the basic 
working principle remains identical. 
 
 
Figure 49 : Plate Pulsating Heat Pipe [40] 
Furthermore, there are at least three possible layouts (Figure 50): 
 Open Loop PHP (OLPHP); 
 Closed Loop PHP (CLPHP); 
 Closed Loop Pulsating heat Pipe with additional flow control check valves. 
 In the OLPHP, known also as Closed Ends Pulsating Heat Pipe (CEPHP), the 
tube is sealed at both ends after filling the working fluid, so that the tube ends are not 
connected to each other. The fluid can only oscillate and it is not able to circulate 
similarly to a loop heat pipe [14]. Furthermore, the heat is transferred from the heating 
section to the cooling section by the driving force induced only by vapour oscillation. 
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Figure 50 : Schematic of a PHP and its design variations [17,47] 
 In the CLPHP the tube ends are connected to each other in a closed loop: the 
fluid can both oscillate and circulate, and this configuration allows the flow to be 
unidirectional [55] ensuring better heat transfer performance than in other types [21,48]. 
 In Closed Loop Pulsating heat Pipe with additional flow control check valves 
there is an addition of check valves which can make the working fluid move in a 
specific direction or increased numerous turns. With these valves the same device can 
be both looped in both an open and closer manner, and its installation is expensive when 
taking into account the miniaturisation of the PHP device [47,82,90]. 
2.5 Working Principle 
 The PHP is essentially a non-equilibrium heat transfer device driven by a 
complex combination of various types of two-phase flow instabilities. The bubble 
generation processes in the heater tubes sections and condensation processes at the other 
end indeed create a sustained “non-equilibrium” state as the internal pressure tries to 
equalise within the closed system. 
 Theoretically it is based on the theory explaining mechanisms of self-exited 
oscillation of a working fluids (see Figure 51 where    is the pressure variation from 
the equilibrium point and    represents the void fraction variation from the equilibrium 
point) [13,24]. When uneven distribution of the void fraction exists in a heat pipe 
channel, a pressure difference arises between turns: pressure is rising at the small void 
fraction and dropping at the large void fraction. This pressure difference causes a flow 
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among the turns and, on the other hand, the induced flow causes the void fraction to 
change in a way such that liquid is discharged from the high pressure turn and flows 
into the low-pressure turn. The mechanism by which self-excited oscillation occurs is 
shown in the       plane of Figure 51 where the resultant of the reciprocal effect 
between the pressure and the void fraction is illustrated as a circle which is rotating 
clockwise around the origin. 
 
Figure 51 : Analytical model of self-exited oscillation [13] 
 Practically the entire essence of thermo-mechanical physics lies in these three 
main characteristics: 
 Constant volume (closed system); 
 Two-phase; 
 Bubble-liquid slug system formed inside the tube bundle due to the dominance 
of surface tensions forces. 
Figure 52 below can help to better understand this phenomenon. The tube is first 
evacuated and then partially filled with a working fluid. If the inner diameter of the 
capillary tube is small enough (   √         ⁄ ), then the working fluid will 
distribute itself along the tube length forming liquid slugs and vapour bubbles (a 
fundamental working condition) due to the effect of surface tension  . Under this 
operating condition, the tube-bundle of a PHP receives heat at one end and is cooled at 
the other. Due to boiling and evaporation, bubble generation and growth continually 
occurs within the evaporator: in other words the heat input causes the high pressure in 
the evaporator region. It is the energy source that serves as the driving force to cause 
fluid flows; the fluid motion begins when the liquid slug, which is adjacent to the plug 
in the evaporator region, is “pushed” due to the high pressure of the plug. 
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Figure 52 : Two main PHP layouts : CEPHP and CLPHP [87] 
Simultaneously, shrinking bubbles are collapsing due to condensation process induced 
in the condenser; condensation at the low temperature end will further enhance the 
pressure difference between the two ends: thus in a working PHP exist temperature 
gradients between the evaporator and the condenser section which are coupled with 
inherent real time perturbation The resulting effect of the collapsing bubbles in a way 
acts as “pumping device”, providing the momentum through uneven hydrostatic 
pressure, which is needed to move slugs or bubbles to those locations (areas) of the tube 
where evaporation, boiling, and condensation can occur freely. Therefore the transport 
of liquid slug and vapour bubbles is caused by thermally induced pressure pulsations 
inside the device, and no external mechanical power is required. The net heat transfer, 
essentially as a combination of sensible and latent heat portions, is precipitated by the 
transport. 
 In sum, the oscillation process within the PHP relies on three driving forces 
which are again influenced by many factors, such as: 
 Gravity force   influenced by the inclination angle of the device; 
 Surface tension  influenced by size and shape of the channel; 
 Oscillating force   (which comes from the pressure fluctuating  
    between the evaporator and condenser). 
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2.6 Fundamental Processes 
Figure 53 illustrates a typical liquid-vapour plug system in the PHP, and replicates 
the various forces, heat and mass transfer processes involved. An analysis of the control 
volume on a micro scale will though manifest far more complicated molecular forces 
and heat and mass transfer processes, than actually depicted in Figure 53. The exact 
system would mathematically be too complex and impractical to be further illustrated 
here. 
 
Figure 53 : Fundamental transport processes in a PHP [88] 
Therefore only the primary processes are summarized as follows [87]: 
 The flow pattern within the PHP tubes may always be categorized as a capillary 
slug flow. As the heat input is rising, the flow pattern may change locally to 
semi-annular and finally to annular flow. 
 Liquid slugs having menisci on its edges are formed due to surface tension 
forces and the capillary dimensions of the PHP tube. A liquid thin film surround 
the vapour plugs. The contact angle of the menisci, the liquid thin film stability 
and its thickness depends on the fluid-solid combination and the operating 
parameters which are selected. If a liquid plug is moving or tends to move in a 
specific direction then the leading contact angle (advancing) and the lagging 
contact angle (receding) may be different. This happens because the leading 
edge of the plug moves on a dry surface (depending on the liquid thin film 
stability and existence) while the lagging edge moves on the just wetted surface. 
The major contribution of pressure drop in a capillary slug flow comes from the 
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liquid plug and the leading and lagging faces (ends) of the bubble. The in-
between length of the bubble body does generally not contribute to the overall 
pressure drop. 
 Although surface tension forces predominate, the liquid and vapour plugs move 
against the gravity vector at an angle depending on the global PHP orientation 
and on the location of the plugs in the up-header or down-header tubes. The 
extent of the effect of gravity on PHP operation is still not fully established. 
 The liquid and vapour plugs are subjected to pressure forces from the adjoining 
plugs. 
 The liquid and vapour plugs experience internal viscous dissipation as well as 
wall shear stress, as they are moving inside the PHP tube. The relative 
magnitude of these forces will depend on the flow field’s motion. 
 The liquid-vapour plugs may receive and reject heat in mostly the radial 
direction but sometimes also in the axial one, or they may move without any 
external heat transfer depending on their exact location inside the tube. 
 In the evaporator two different phenomena may occur while the liquid plug 
receives heat: if the liquid slug enters the evaporator in a sub-cooled condition 
then sensible heating plays the main role while, but if the liquid slug is already 
in a saturated condition then the heating process is simultaneously either 
followed by evaporation mass transfer to the adjoining vapour bubbles or by a 
break up of the liquid plug itself with creation of new bubbles in between as a 
result of nucleate boiling in the slug flow regime. The saturation pressure and 
temperature thus increase locally. 
 While a vapour bubble is travelling in the evaporator zone evaporation mass 
transfer from the surrounding liquid film and the adjoining liquid plugs occurs 
resulting in an increase of the instantaneous local saturation pressure as well as 
temperature. This process provides the pumping work within the system. 
 The processes described above correspond to the evaporator, and are repeated in 
the condenser in reverse direction. 
 In the adiabatic section, while passing from the evaporator to the condenser, the 
train of vapour-liquid slugs are subjected to a series of complex heat and mass 
transfer processes. Essentially non-equilibrium conditions exist whereby the 
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high pressure, high temperature saturated liquid-vapour plugs are losing pressure 
due to low temperature saturated conditions existing in the condenser. Internal 
enthalpy balancing in the form of latent heat takes place by evaporation mass 
transfer from the liquid to the vapour plugs whereby saturation conditions are 
always induced during the bulk transit in the adiabatic section. It is to be noted 
that no ‟classical steady state‟ occurs during PHP operation. Instead pressure 
waves and pulsations are generated in each of the individual tubes, which 
interact with each other possibly generating secondary and ternary reflections 
with perturbations. 
 Heat transfer coefficients are different for the vapour plug, the liquid slug and 
the liquid film and their analytical calculation is most complex. 
2.7 Differences from other systems (i.e. HP ,LHP, Themosyphon) 
 To understand the gobal purpose of this chapter it is necessary to comprehend 
the many valid differences between a PHP and other heat transfer devices, i.e. Heat 
Pipes (HP), Looped Heat Pipes (LHP) or Thermosyphons (TS)
3
. 
 For instance, in the conventional heat pipe the working fluid inside the tubes 
circulates continuously between the heat source and the heat sink in the form of counter 
current two-phase flow while the working fluid in a PHP oscillates periodically in its 
axial direction [16]. In addition, in a normal heat pipe, an indication of working fluid 
can be obtained by measuring temperatures along the adiabatic section whereas in 
pulsating heat pipe the abiabatic temperature is no longer uniform; therefore only the 
overall thermal resistance and average temperatures are comparable [55]. 
Other basic features are listed below: 
 No wick structure is required to assist the condensed working fluid in flowing 
back to the evaporator (the inner tube surface is smooth); 
 No storage volumes in the systems; 
 Easily manifactured and with fewer operating limitation; 
 At least one heat receiving section is called evaporator zone; 
 At least one heat dissipating section is called condense zone; 
                                                 
3
 For more details about LHP, HP, TS see the current literature through related research articles. 
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 An optional “adiabatic” section separates the evaporator from the condenser zone; 
 Capillary “Slug Flow” is characterised by self exited, thermally driven oscillations 
without external mechanical power source; 
 Latent as well as sensible heat transport is possible through self oscillation of the 
working fluid; 
  Surface tension predominantes although gravity may affect the performances; 
2.8 Thermodynamics considerations 
 The device performance primarily depends on the continuous maintenance or 
sustenance of the non-equilibrium conditions within the system. The liquid and vapour 
slug transport is achieved because of the pressure pulsations. Since these pressure 
pulsations are fully thermally driven no external mechanical power source is needed for 
the fluid transport. 
 Consider the ideal case when a PHP is thoroughly isothermal. Under this 
condition the liquid and vapour phases in the PHP are equilibrated by the saturation 
pressure, which corresponds to the fixed temperature (see Figure 54 below). 
 
 
Figure 54 : Pressure-Enthalpy diagram of a working 
fluid control volume in non equilibrium conditions [53] 
 
Figure 55 : Pressure Enthalpy diagram of a 
working fluid control volume in non equilibrium 
conditions [87] 
 The volume within the entire system is constant and the total vapour mass 
quality is rather low (even when the filling ratios are small). From a standard 
equilibrium analytical perspective it seems that the average thermodynamic state of the 
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whole pulsating heat pipe may only shift inside the shaded area in Figure 54. Since the 
PHP is characterized by strong non-equilibrium it cannot satisfactorily be described as a 
single thermodynamic state: there are different local thermodynamic states depending 
on the different zones. During operation a temperature gradient prevails between the 
evaporator and the condenser causing non-equilibrium pressure conditions. 
 The heat transfer to the evaporator causes the bubbles in the evaporator to grow 
continuously and tries to move point A to point B at a higher pressure/temperature and a 
larger quality (Figure 55). This pushes the liquid column toward the low temperature 
end (condenser). Simultaneously the condensation at the other end will further enhance 
the pressure difference between the two ends, and point A is forced to move to point C 
where a lower pressure/temperature and a smaller quality prevails. In this way a non-
equilibrium state is formed between the driving thermal potentials, and the system in 
return attempts to equalize the internal pressure. Because of the inter-connection of the 
tube(s), the motion of the liquid slugs and vapour bubbles at one section of the tube 
towards the condenser also leads to the movement of slugs and bubbles in the other 
section towards the high temperature (evaporator) in the next section. This works as a 
restoring force. Hence a self-sustained, thermally-driven, oscillating flow is obtained in 
a PHP. The inter-play between the driving force and restoring force leads to oscillation 
of the vapour bubbles and liquid slugs in the axial direction. 
 Furthermore inherent perturbations present in real systems augment pressure 
fluctuations in the system. Unlike conventional heat pipes no steady-state pressure 
equilibrium can be achieved for an operating PHP. The frequency and amplitude of the 
oscillations are expected to depend on the heat flow rate and the mass fraction of the 
liquid in the tube. Through these oscillations heat, which is supplied by the heat source 
at the evaporator, is carried to the condenser and is removed by a heat sink.  
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2.9 Performance Parameters of Pulsating Heat Pipes 
 A modest number of studies, mostly qualitative and some quantitative, have 
been performed so far to understand the thermo-hydrodynamics of PHPs. In fact there is 
a multitude of influence parameters affecting the thermal performance, and it is rare to 
find a combination of such events and mechanisms, which all together contribute to the 
thermal performance of a device: 
 Bubble nucleation and collapse; 
 Bubble agglomeration and pumping action; 
 Pressure/temperature perturbations; 
 Flow regimes changes; 
 Dynamic instabilities; 
 Metastable non-equilibrium conditions; 
 Flooding or bridging, … 
Charoensawan et al. [47,52] performed a wide range of experimental studies which 
have given vital insights and information on the parameter dependence of their 
performance. These parameters are listed below in Table 9. 
Table 9 : List of main performance parameters of PHPs 
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2.9.1 Inner diameter 
 The internal tube diameter is the most important geometrical parameter because 
it essentially establishes the fundamental definition of CLPHPs. 
It has an impact on [55]: 
 The fluid distribution (slug and plug); 
 Viscous pressure losses; 
 The heat power transfer. 
The slug flow pattern inside the tube is a fundamental working condition because 
pumping forces are generated by growing bubbles in the evaporator and the collapsing 
bubbles in the condenser area. Such condition is ensured only if the tube inner diameter 
is smaller than the critical diameter threshold which is naturally given by the Bond 
number (or Eötvös) criterion. 
 Classic studies about phenomena, such as cylindrical bubbles rising in 
isothermal static fluids, indeed state that bubbles only rise through the denser liquids 
because of its buoyancy. The velocity   with which a single cylindrical bubble rises 
through stagnant liquid in a duct is governed by the interaction between the buoyancy 
and other forces relevant to the effect on the bubble, such as shape and motion. If the 
viscosity of the vapour in the bubble is neglected, the only forces besides buoyancy, 
which are important, are those from liquid inertia, liquid viscosity and surface tension. 
The balance between buoyancy and these three forces may be expressed in terms of 
three non-dimensional groups: 
   
    
 
         
 
       
                            
         
   is used to correlate 
the rise velocity when 
viscous forces and 
surface tension can be 
neglected. 
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   is used in case of 
predominant surface 
tensions (e.g. PHP). 
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The Bond number is frequently used in place of the Eötvös in Eq. 2.4. 
   √  ̈   √
        
 
       
 In the above equations, d is typically the characteristic dimension of the duct 
cross section. In case of circular ducts d represents the internal diameter. In situations 
where viscous forces and surface tension can be neglected, the rise velocity can be 
correlated only by Eq. 2.1. Similarly when the viscous force constitutes the only 
predominant factor, the bubble rise velocity is obtained by means of the Poiseuille 
number. The last case, when surface tension dominates, is the case of present interest. 
Interestingly enough, the Eötvös number has no velocity term in it. So the question 
remains how to use this number to calculate the rise in velocity under the dominance of 
surface tension.  
 Since the general solution is governed by three non-dimensional parameters (as 
defined above) it can be represented as a two-dimensional plot of any two chosen 
dimensional groups with the remaining third independent group as a parameter. The 
three parameters may also be combined at convenience to generate new dimensionless 
quantities. For example, a convenient property group is frequently used and defined as: 
  
     ̈ 
   
 
   
 
   
       
When the above problem was first attempted analytically both the    and    
numbers were expected to tend to zero [99]. In simpler terms this means that for a given 
fluid-bubble system the bubble rise velocity should follow the trend and become zero 
when      as the tube diameter is reduced - thereby    approaches zero, Many 
experimental observations have negated this hypothesis and showed that there is a 
critical value of    below which no rise will take place at all (i.e.    ).  
 Figure 56 shows experimental data for a wide range of fluids in adiabatic 
conditions as reported by White and Beardmore (1962)[100]. The main conclusions of 
present interest are: 
 As   ̈ increases beyond a particular value (around 70 for many common fluids 
e.g. water, ethanol, etc.), then the terminal bubble velocity approaches a costant 
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value. The viscous forces and surface tension can thus be neglected and   Eq. 2.1 
takes the form of         . 
 
 
Figure 56 : Parametric experimental results for rise velocity of cylindrical bubbe in various stagnant contained 
in a channel [100] 
 Below   ̈     the terminal velocity continuously decreases. 
 Around   ̈    the terminal velocity becomes zero. This is the zone dominated 
by surface tension, and (calculable) given by Eq. 2.6 below: 
  ̈  
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So if the inner diameter of the capillary tube is small enough (      , the working 
fluid will distribute itself along the tube length due to the effect of surface tension 
forming liquid slugs and vapour bubbles. 
                                                    
If the internal tube diameter is too small (         the pressure required to overcome 
the capillary forces might be too great, and for the design of the inner diameter of 
CLPHPs the best range can be calculated by using the followed Eq. 2.8 [49]. Here the 
lower value should be used when the PHP is subjected to a body force field of the order 
of 12g’s, which is typical for the aerospace industry. 
     √
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On the contrary case, if the internal tube diameter is too small (         the surface 
tension will be reduced, and all the working fluid will tend to stratify due to gravity. As 
a consequence the heat pipe will stop functioning as a PHP and the device may operate 
as an interconnected array of two-phase thermosyphons (Figure 56) [32]. Obviously, 
rather than a certain fixed diameter which classifies the boundary between classical 
thermosyphons and CLPHPs, there is a finite transition zone where optimum liquid 
pumping will be achieved at a certain diameter below which the pressure drop 
overshadows the pump yield. 
 
 
Figure 57 : Thermosyphon mode of operation when d is greater than critic diameter [32,33] 
2.9.2 Heat input 
 For a defined CLPHP geometry of the device the input heat flux is directly 
responsible for the type of flow pattern that will form within the channel. The operating 
heat flux may also affect the level of perturbations inside a CLPHP thereby affecting the 
thermal performance of the device in general. 
 Experimental studies on CLPHPs, relying on visualisation, are indeed indicative 
of this trend. Figure 58 shows a typical phenomenological trend for a partially filled 
device (about           The figure is representative of a range of working fluids 
like water, ethanol and R-123. The displayed qualitative zones may vary in actual fill 
charge, geometry and working fluid. 
 Parallel visualisation experiments have also supported these trends [53]. Low 
input heat fluxes are not capable of generating enough perturbations and the resulting 
bubble pumping action is extremely restricted. The bubbles only oscillate with a high 
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frequency and low amplitude. There are periods of a „no-action‟ intermission stage 
followed by single small bulk activity phases. Overall this scenario will result in a poor 
performance (i.e. very high thermal resistance). As the heat input is increased, slug flow 
oscillations commence the amplitudes of which will increase with rising heat flux and 
become comparable to the length of the device. 
 
 
Figure 58 : Phenomenological trends for the effect of input heat flux [67] 
This improves the heat transfer coefficient to a marked degree. As the heat flux is 
further increased, the oscillating flow tends to take a fixed direction and the thermal 
resistance is being further reduced. Even higher input heat fluxes will result in a 
transition of slug flow to annular flow at the outlet of the evaporator U-bends       
(Figure 58). 
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 This is true even for cases C and D. The bulk flow takes a fixed direction which 
does not reverse with time. The alternating tube sections are then hot and cold, with 
cold bubbly/slug flow coming down from the condenser to the evaporator in one tube 
and annular/semi-annular flow in the adjacent tube forming the outlet of the evaporator 
U-tube. This demonstrates that the pulsating unstable slug flow behaviour is again 
stabilised after a certain higher input heat flux level is reached. Interestingly, in such a 
case, the best performance of CLPHP (lowest thermal resistance) is observable. This is 
logical since the evaporator U-sections experience convective boiling through the thin 
liquid film rather than nucleate type boiling in slug flow regime. Therefore, the best 
performing closed loop pulsating heat pipe is not a “pure” PHP device anymore. Further 
increase in heat flux leads to some sort of evaporator dry-out phenomenon but 
quantitative experimental data and phenomenological trends are not available in these 
near dry-out zones. It is indeed worthwhile directing efforts toward this direction; it is 
given that the input heat flux will govern the degree of pulsations in the device and will 
essentially act as a demarcation parameter. 
2.9.3 Filling Ratio 
 The filling ratio (FR) can be regarded as an independent parameter which 
defines a CLPHP. It represents (see Eq. 2.9) the ratio of working fluid volume actually 
present in the device in relation to that of the total volume of the device (generally given 
at ambient temperature around    ). 
   
  
    
 
                                      
                                   
       
We have two operational extremities with respect to the filling charge: 
      bare tubes without working fluid; 
      PHP is fully filled with the working fluid. 
 The lowest value serves as the reference measurement of performance since the 
tubes constitute inefficient conductions fins, there are high (and so undesiderable) 
thermal resistance and the PHP represents a pure conduction mode heat transfer device 
through the copper material which implies that no hight heat power can be transported. 
 The highest value means that the device is not working in “pulsating heat 
mode”: the local heat transfer coefficient in the tubes is a mere function of fluid 
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according to Grashof and Prandtl’s numbers. The device is identical in operation to 
single-phase natural convection thermosyphon (the heat transfer is induced by liquid 
circulation in the PHP due to the single phase buoyancy), and the last fact has also been 
confirmed by seeding the flow with tracer particles and through the observation of 
alternating hot and cold PHP tubes in earlier experiments with a glass tube PHP [08,32]. 
Therefore there are no bubbles in the tube and thus no „pulsating‟ effect is present. 
Substantial sensible heat transfer can still take place due to liquid circulation in the 
tubes caused by thermally induced buoyancy. 
 
 
Figure 59 : Boundary conditions for CLPHP operation [53] 
 In between these two extremities lies the present area of interest. In this region 
also there exist three distinct sub-regions: 
        (above 80%):  In this mode there are only very few bubbles 
present while the rest is all liquid. These bubbles are not sufficient to generate 
the required perturbations and the overall degree of freedom is very small. The 
buoyancy induced liquid circulation, which was present in a 100% filled PHP, is 
being hindered due to additional flow resistance given the small number of 
bubbles. Hence the device performance is seriously hampered and the thermal 
resistance is much higher than for FR = 1. 
      (Below 20%): In this mode there is very little liquid to form 
enough distinct slugs and there is a tendency towards dry-out of the evaporator. 
The operational characteristics are also unstable. The device may, under some 
operating conditions, work as a two-phase thermosyphon array. 
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           :  It has been established that this is the zone of interest for a 
CLPHP [08,14]. The exact range will differ for different working fluids, 
operating parameters and constructional details. The more bubbles (lower fill 
charges), the higher is the degree of freedom but simultaneously there is less 
liquid mass for sensible heat transfer. Less bubbles (higher fill charges) cause 
less perturbations and the bubble pumping action is reduced thereby lowering 
the performance. Thus an optimum fill charge exists. It was found out in many 
studies to be close to 50% (Figure 60) [09,31,41,42,45,47]. 
 
 
Figure 60 : The variation of heat transfer rate with different FR [41] 
2.9.4 Working fluid properties 
 The thermophysical properties of working fluid linked with the geometry of the 
device have profound implications for the thermal performance of the device [47].  
They affect: 
 the relative share of latent and sensible heat in the overall heat throughput; 
 the possibility of having different flow patterns in the device; 
 the average flow velocity and the overall pressure drop (including effect of 
gravity); 
 bubble nucleation, collapse, shapes, agglomeration and breakage; bubble 
pumping action, … 
 the overall performance which also strongly hinges on the boundary conditions 
of PHP operation. 
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2.9.4.1 Saturation Curve 
      ⁄      represents the rate of change in pressure with respect to temperature 
at saturated conditions. This property affects the rate at which bubbles grow and 
collapse according to changes in temperature. At a high value the difference between 
vapour pressures in the evaporator and condenser will be increased and the performance 
of a PHP will be improved by enhanced oscillatory motion of liquid slugs. 
(
  
  
)
          
 (
  
  
)
        
   is the reason why ammonia is preferred 
2.9.4.2 Surface tension 
 The surface tension must be low [17]. Higher surface tensions will increase the 
maximum allowable diameter and also the pressure drop in the tube. A larger diameter 
will allow for improved performance, but an increased pressure drop on the other hand 
will require greater bubble pumping and thus a higher heat input to maintain pulsating 
flow. 
2.9.4.3 Latent Heat 
 Low latent heat will cause the liquid to evaporate more quickly at a given 
temperature and at higher vapour pressure; the liquid slug oscillating velocities may be 
increased and the heat transfer performance of the PHP also improved; on the other 
hand the dry-out phenomenon may occur at lower heat input levels. 
2.9.4.4 Specific Heat 
 High specific heat will increase the amount of sensible heat transferred. Because 
in most (of the) cases a great percentage of the total heat transfer in a PHP is attributable 
to sensible heat; a fluid with a high specific heat is desirable. 
2.9.4.5 Dynamic Viscosity 
 Low dynamic viscosity will reduce shear stress along the wall and will 
consequently reduce pressure drop in the tube. This will also reduce the heat input 
required to maintain a pulsating flow. 
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2.9.5 Number of Turns 
 The number of turns   in the PHP may affect thermal performance rendering 
negligible the effect of gravity. In fact it increases the level of perturbations inside the 
device [32]; there are thus more distinct locations for the heat to be applied at and more 
local pressure drops. The higher level of local perturbations helps to avoid the recoiling 
of the vapour phase in the evaporator as well as the merging of liquid in the condenser. 
The uneven distribution of liquid slugs and vapour plugs inside heating and cooling 
sections is necessary to create differences in pressure at each turn; these differences 
ultimately drive the pulsating flow.  
 
 
Figure 61 : Phenomenological trend for heat throughput in experimental data reported in [47] 
 Furthermore the number of turns affects the performance indipendence with 
orientation and that effect could be clearly separeted into two cases by using a certain 
critical value of number of turns       [47,52] (as shown in Figure 61). The exact 
critical value also depends on the working fluid used, the size of the capillary tube and 
the input heat flux. 
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If a PHP only has a few turns (        , then: 
 it may not operate in the horizontal or top heat modes [42,48]; 
 there is a possibility for a stop-over phenomenon to occur [32]; 
 all the evaporator U-sections have a vapour bubble while the rest of the PHP has 
liquid. This condition essentially leads to a dry-out and small perturbations 
cannot amplify to make the system operate on its own [32]. 
On the other hand a PHP with many turns can operate at any orientation because of the 
perturbations in each turn. 
2.9.6 Tilting Angle 
 The PHP performance may or may not change according to the inclination 
angle. The dependence on orientation is linked to the number of turns. Experimental 
results have shown that performance is generally better in a vertical bottom heated 
orientation, and some PHPs with only a few turns do not operate at horizontal 
orientations [47]. Other experiments, usually using PHPs with many turns (greater than 
40 turns) [59] have shown that the performance is practically independent of the 
inclination angle. The latter is usually measured in relation to the horizontal direction:  
 Bottom Heat Mode  (BHM) vertical operation with evaporator on 
     bottom and condenser on top (   ); 
 Top Heat Mode (THM) vertical operation with evaporator on top 
     and condenser on bottom (    ); 
 Horizontal    no height difference between evaporator 
     and condenser     . 
2.9.7 Size and Capacity of Evaporator and Condenser 
 These parameters can affect the overall heat transfer of the PHP and could 
change the flow patterns within the heat pipe. Below a particular onset the heat flux 
from the evaporator, as well as the fluid in the PHP will not pulsate. It will  also limit 
the maximum heat transfer from the PHP if the condenser cannot dissipate enough heat. 
Rittidech et al. [46] investigated the effect of the evaporator length on the heat flux of a 
CEPHP, whereas Panyoyay et al. [35] investigated the effect of the evaporator length on 
maximum heat flux of an inclined CLPHP. Both were able to demonstrate that the heat 
  
CHAPTER 2 – PULSATING HEAT PIPES 
 
  
69 
flux capability increases when the evaporator length decreases at every inclination 
angle. This is due to the fact that when the evaporator length is small, the heated length 
of each U-turn in the evaporator is also small: it is easier for the fluid to transit the U-
turn completely and to be “refreshed” with other colder fluid coming from the 
adiabatic/condenser regions. If the evaporator length is higher the vapour pressure may 
not be strong enough to push the fluid towards the condenser, the vapour plugs residing 
in the U-turn thus recoil, and dry-out occurs at lower heat fluxes. It is likely that the 
closed loop configuration is less affected by the evaporator length since the fluid is not 
as confined as in the closed end configuration. 
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2.9.8 Gravity 
 PHP performances are gravity-sensitive but the extent of the effect of gravity on 
PHP operation is still not fully established [87].  
The effect of gravity is clearly seen by the unsymmetrical shape of the bubble in side B 
of Figure 62 [47]. 
It is possible to summarize these main points: 
 Gravity affects thermal performance of CLPHP and the heat throughput [47]; 
 In horizontal CLPHP the gravity vector is non-existent on all the tubes 
simultaneously; 
 Gravity does affect the thermal performance, at least for systems with low 
number of turns [53]; 
 Gravity does affect CLPHP dynamics even though the boundary conditions 
satisfy the critical Bond number criterion      [47]. 
 
 
Figure 62 : Images of ethanol slugs and bubbles in glass tube under static isothermal condition [47] 
Lately many work researches have been carried out in order to establish properly the 
effect of gravity on the thermal instability of a closed loop pulsating heat pipe. 
The work by Manno et al.[03]
4
 has shown that a CLPHP (filled with FC-72 and 
operating at different heat input levels, tilting angle from the vertical to the  
 
                                                 
4
 Mameli M., Marengo M., Manno V., Filippeschi S., Effect of Gravity on the Thermal Instability of a 
Closed Loop Pulsating Heat Pipe, 8th World Conference on Experimental Heat Transfer, Fluid 
Mechanics and Thermodynamics, June 16-20, 2013, Lisbon, Portugal. 
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Figure 63 : Overall thermal resistance vs power input for each inclination [03] 
horizontal position with steps of     and a filling ratio of    ) is very much sensitive to 
the gravity head and that the vertical operation is affected by unstable operation at high 
heat input levels. After the performance drop the thermal performance sets close to the 
value horizontal mode for all the inclination angles (Figure 63). On the other hand the 
CLPHP in the horizontal position is less efficient, but it does not undergo any 
performance drop with respect to the heat input level until the maximum heat input 
level is reached. In additionThe repeatability analysis, performed for the horizontal and 
vertical operation only, reveals that the higher discrepancies occur when the PHP in 
operating in vertical position at the start-up heat input levels while the instability 
occurring at high heat loads is repeatable and does not depend on the previous heat 
power input level. 
2.9.9 Overall thermal resistance 
 The overall thermal resistance     can be used to estimate the performance of 
the PHP and it is  defined as follows: 
    
 ̅      ̅    
 ̇
             
Looking at the following diagrams the overall thermal resistance [41] 
 decreases as the heat input increases (Figure 64); 
 increases as the FR increases (Figure 65); 
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 it is higher in bottom heat mode than in top heat mode under the same 
condition(s) (Figure 66); 
 it is higher in the case of uneven inner diameter than even inner diameter under 
the same condition(s) (Figure 67). 
 
Figure 64 : Typical variation of thermal resistance with 
heat input power [41] 
 
Figure 65 : Typical variation of thermal resistance 
with heat input at different FR [41] 
 
 
Figure 66 : Thermal Resistance of PHP for different 
heating mode [41] 
 
Figure 67 : Thermal Resistance for heat transfer rate 
at different pipes [41] 
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2.10 Multi-parametric investigations 
 Very few information is available in literature on the CLPHP extreme 
operational ranges [45] and in most cases the causes of the unstable operation at low 
(start–up) and high (flow pattern transition) heat inputs are not investigated in details. 
The only certainty is that the thermal performances of these devices and their 
instabilities are affected by several parameters: working fluid, internal diameter, 
evaporator length, number of turns, gravitational force and filling ratio. 
 Manno et al. [04]
5
 have investigated on the occurrence of stable or unstable 
thermal behaviour of a multiturn CLPHP with respect to different parameters such as 
the heat input level, the tilting angle and the filling ratio (FC-72 as working fluid). 
The main outcomes are resumed below (see Figure 68 and Figure 69): 
 The CLPHP with        shows the best performances: thermal resistance of 
the bottom heated PHP is five time lower than the empty device, but also 
undergoes thermal instabilities directly related to the combined effect of 
orientation and heat input level. The CLPHP in the horizontal position is less 
efficient, but it does not undergo any performance drop until the maximum heat 
input level is reached; 
 
 
Figure 68 : Thermal resistance in vertical mode at different filling ratios [04] 
 During the start-up (low input powers) the heat input ranges from     
(              ) to     (           ), without a univocal dependence on the 
tilting level (gravity head); 
                                                 
5
 Mameli M., Manno V., Filippeschi S., Marengo M., “Multi-Parametric Investigation On The Thermal 
Instability Of A Closed Loop Pulsating Heat Pipe”, 17th International Heat Pipe Conference (17th 
IHPC) Kanpur, India, October 13-17, 2013. 
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 After the thermal instability, the thermal resistance of all the inclinations 
increases and sets close to the value of the horizontal mode (as already 
mentioned in [03]); 
 The thermal instabilities are characterized by larger amplitude temperature 
oscillations and uneven temperature space distribution between different 
channels. Evaporator temperature differences among channels are more than 
     for the maximum heat input level. 
 
 
Figure 69 : Thermal resistance in horizontal mode at different filling ratios [04] 
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3 FLOW PATTERN VISUALISATION 
 This chapter will focus on the most important results achieved through 
visualisation experiments. There is no pretence to cover all the possible “state of the art” 
regarding the topic. The purpose here is simply to point out how the contribution of this 
kind of activity is relevant for increasing the knowledge about many hidden aspects, 
which are often hardly recognizable in common theorethical approaches. Besides 
previous “know-how” is always desirable and increases the chances of achieving 
plausible and relevant results from any experimental activity. 
3.1 Introduction 
 Among all the different types of analyses and experiments internal flow 
patterns experiments are a major method of research because they are crucial means to 
understand the mechanism of the heat transfer inside a PHP. The thermal performance 
indeed (e.g. the overall thermal resistance    ) is indeed largely dependent on the two-
phase flow patterns exisiting inside the device. The flow of fluid inside a PHP device is 
very complex because of phase changes and interactions between the slugs and plugs.  
It is furthermore influenced by many factors, such as [41]: 
 heating rate; 
 liquid fraction; 
 diameter of the tube; 
 cross section shape; 
 tilting angle. 
In addition and equally important, they permit to see the combination of events and 
mechanism all together thereby contributing towards the thermal performance of the 
device, for instance [52]: 
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 bubble nucleation and collapse;bubble agglomeration and pumping action; 
 pressure/temperature perturbations;  
 flow regimes changes; 
 dynamic instabilities; 
 metastable non-equilibrium conditions; 
 flooding or bridging. 
The internal thermo-hydrodynamic phenomena inside a PHP have been investigated 
throughout a large number of experiments and analytical studies, most of which are 
merely referred to as capillary bubble-liquid slug flow regimes [44,51]. 
3.2 Database of flow visualisation experimental works 
 Table 10 summarises the latest and most relevant papers about internal flow 
pattern experiments from 1997 to 2008. The symbol “*” in the first column next to the 
reference number for each article indicates that in the following Table 11 the layout 
employed for the visualisation is also depicted. These tables have represented the 
starting point for the provided choices that will be shown in Chapter 4 regarding the test 
bench. 
 
  
Table 10 : Summary of some visualisation experiments on pulsating heat pipes (PHP) from 1997 to 2008 (continued) 
Year  Ref. Envelope Layout 
(Material) 
Configuration 
(n° of chann.) 
Inclination 
angle 
      
Cross section 
(I.D.) 
     
Working 
fluid 
Filling 
Ratio 
(FR) 
Heat 
Input 
[W] 
Conclusions and 
Comments 
1997 [22] Plate (Al)     
 
  Difficulty to observe 
the detail behaviour 
of vapour and liquid 
film using this 
method. 
1997 [23] tube (glass)   Circular (2.4)     
1999 [56] tube (teflon)    R-142    
1999 [10]         
1999 [70] Plate (brass) Closed (8) 30 to 90 Rectangular Ethanol 0.2 to 0.8  Most active 
oscillation when FR 
is from 0.4 to 0.6 and 
at 90°. 
1999 [13] Plate (Cu) 
 
Window plate of 
poliycarbonate 
Closed 0 Rectangular (50) R-142b 0.42 80 Only oscillation is 
observed by the 
author. 
1999 [14] Tube (teflon) Closed (20) 
 
Open (20) 
30 to 90 Circular (2) R142b 0.3 to 0.7  Best thermal 
performance when 
FR is from 0.5 to 0.6. 
Internal oscillation 
occurred at smaller 
inclination angle and 
smaller fill ratio. 
2000 [25] Tube (glass) Closed (30) 90 Circular (2.3) R-141b 0.5  The effect of 
evaporator section 
lengths, number of 
turns and working 
fluid on internal flow 
patterns was 
investigated. 
  
Year  Ref. Envelope Layout 
(Material) 
Configuration 
(n° of chann.) 
Inclination 
angle 
      
Cross section 
(I.D.) 
     
Working 
fluid 
Filling 
Ratio 
(FR) 
Heat Input 
[W] 
Conclusions 
and 
Comments 
2001 [44]* Tube (pyrex) Closed 0 / 90 Circular (1.8) Methanol 0.6 50 During the 
start-up 
process the 
working fluid 
oscillates with 
large 
amplitude. 
The working 
fluid circulates 
for the steady 
oscillation 
state. 
2001 [41] Tube (glass +) Closed (8) 90 / -90 Uneven 1.6 - 1.0 Ethanol 0.3 to 0.6 0 to 90  
2002 [08] Tube (Cu,glass) Closed (10) 0 / 45 / 90 Circular (2) Water 
 
Ethanol 
0 to 1.0 5 to 15  
2003 [52]* Tube (pyrex) Closed (20) 
Closed (22) 
Closed (56) 
0 / 30 / 50 / 
70 / 90 
Circular (2) R-123 0.5   
2003 [28]  Closed   R123 
 
R141b 
   
2004 [53] Tube (Cu) Closed (2) 
 
90 Circular (2) Ethanol 0,6 14.8 to 74.4  
2004 [30]  Open   MP39    
2004 [29]  Open   Non - 
azeotropic 
blend at 
critical state 
   
  
  
 
Year  Ref. Envelope Layout 
(Material) 
Configurati
on (n° of 
chann.) 
Inclination 
angle 
      
Cross section 
(I.D.) 
     
Working 
fluid 
Filling 
Ratio 
(FR) 
Heat 
Input 
[W] 
Conclusions and 
Comments 
2005 [51]* Tube (Cu,glass +) Closed (8) 90 Circular (2) Deionized
water 
 
Methanol 
0.7 
 
 
 
10 to 30 Circular (2) because 
such size can satisfy 
the minimum size 
requirement to form 
the slug-train units. 
FR 0.7 because it was 
identified as the 
optimal value. 
2005 [57]  Open       
2007 [50]* Tube (pyrex glass 
capillary) 
Closed (8) 90 Circular (1.6) 
 
Circular 
alternated 
(1.6 - 2.0) 
Ethanol 0.1 to 0.7 10 to 125  
2007 [54]* Tube (pyrex 
glass) 
Open (20) 90 Circular (3) R141b 
 
Ethanol 
0.5   
2008 [20]* Tube (pyrex 
glass) 
Open (10) 90 Circular (1.5) 
Circular(2) 
R123 
 
Water 
 
Ethanol 
0.5   
2008 [21]* Tube (Pyrex 
glass) 
Closed (4) 90 Circular (1.2) MP39 0.5   
 
  
  
Table 11 : Summary of some layout regarding visualisation experiments on pulsating heat pipes (PHP) from 1997 to 2008 (continued) 
 
[44] 
 
[50] 
 
[51] 
 
[52] 
  
 
[12]  
[54] 
 
[20] 
 
[21] 
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3.3 Main conclusions from visualisation experiments 
 The most important key points regarding the main conclusions achieved by 
means of internal flow patterns experiments are as follows: 
 Visualization works have permitted to verify analytical model of self-excited 
oscillation which had predicted the existence of pressure waves and oscillatory 
flow waves, as well as the phase relationship between them and the wave 
velocity [13]; 
 Many studies have shown that flow direction inside a PHP can be oscillatory 
and circulatory, as explained in section 3.5 [08,53]; 
 Various flow patterns may occur under different working conditions (heat input 
and FR) such as Pure Slug Flow (S), Semi Annular Flow (SA) and Annular 
Flow (A) [50] (see section 3.6 for more details); 
 Further studies have indicated that for the hight heat fluxes, the bubble-liquid 
slug flow may transform into the annular flow regime similar to the two phase 
thermosyphon mode [47,52]; 
 The internal fluid flow condition inside a PHP is much more complex than the 
single bubble-liquid slug flow and has a type and magnitude which is a direct 
consequence of applied heat flux, geometry and inclination angle; 
 The flow pattern inside a CLPHP affects the thermal performance (i.e the overall 
thermal resistance defined as              ̇) together with the multitude 
parameters [53]; 
 The flow pattern inside a CLPHP is linked to the filling ratio FR and the heat 
power input  ̇: within the operating range of the FR (0.2 - 0.8) various flow 
patterns may exist depending on the boundary conditions (see Figure 70)[53]; 
furthermore with an increase in FR it becomes more and more difficult to sustain 
annular flow and the slug tend to flow towards both tube sections therewith 
further reducing the performance [08]; 
 The flow pattern in the evaporating part is characterised by the oscillation of 
bubbles caused by nucleate boiling and vapour oscillation, whereas the flow 
pattern at the adiabatic part is the departure of small bubbles [12]; 
  
 
Figure 70 : Observed flow pattern in the loop and corresponding temperature 
profiles [53] 
LOW INPUT HEAT FLUX (case A)  
 is not capable of generating enough perturbations and the 
resulting bubble pumping action is extremely restricted; 
 Slug flow in both tube sections; 
 Individual bubbles oscillate about a mean position with high 
frequency and low amplitude; 
 There is very little bubble agglomeration; 
 There are period of “no action” intermission stage followed by 
some small bulk activity phase; 
MEDIUM INPUT HEAT FLUX (case B-C)  
 The slug flow oscillations amplitude increases and become 
comparable to the length of the device; 
 A complete turning of fluid start sometimes in the clockwise 
and simetimes anti- clockwise direction; 
MEDIUM -HIGH HEATING POWER (case D)  
 The flow turn in one direction before a direction reversal takes 
place (clearly rapresented by the changing pattern of the 
abiabatic tube temperatures T1 and T2). 
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 The most interesting (disturbingly!) aspect is the fact that the best performing 
CLPHP no longer behaves like a pulsating device. Alternating tubes now show 
slug flow and annular flow patterns, and the bulk flow takes a fixed direction 
[32]: a similar result has been found in this campaign (for instance, see 
experimental results in Table 45 at     ); 
 If      the shape of a typical slug-bubble element should not change neither 
in vertical nor horizontal orientation, especially in lights of the symmetry of 
liquid film thickness around the bubble (Figure 71) [47]. 
 
 
Figure 71 : Images of ethanol slugs and bubbles in glass tube under static isothermal condition [47] 
3.4 Levels of perturbations 
 Flow visualisations have indicated that there are alternating periods of two main 
phases: 
 activity phase (bubble plugs move rapidily with high amplitude along the tube 
length); 
 static phase (bubble plugs are “stopping” for a while and there is only micro 
movement of bubbles with high frequency/low amplitude about a mean position). 
As the input heat flux increases it becomes more and more difficult to distinguish 
between the two phases since the time period of the “static” phase is drastically reduced 
[43,53]. The typical loop behavior under the conditions which lead to a complete stop-
over can be described as follows: the initial partial filling of the loop leads to a natural 
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volumetric (mal-)distribution of phases within the two tube sections (the same that has 
been also achieved during this experimental campaign). As the heating power is 
switched on, the system starts to oscillate in the usual manner. If the combination of 
boundary conditions is favorable for a stop-over, bubble agglomeration takes place 
leading to the formation of a single large bubble which envelopes the entire evaporator 
section. Then oscillations die down completely and all macro motion of the fluid inside 
the tube stops leading to an increase of the evaporator temperature. As the number of 
turns keeps increasing, the probability of such a tendency towards complete stop-over 
should essentially diminish. 
3.5 Flow Direction 
 As mentioned in section 3.3 the flow direction inside a PHP can be oscillatory 
and circulatory. 
 Circulation of the working fluid enhances the capability of heat transport from 
the evaporation to the condensation zone through the working fluid and occurs in one 
direction for an unspecified time while possibly being flowed by local axial pulsation 
actions or a reversal circulation. In addition a sustained flow is desirable but usually 
unpredictable and difficult to maintain in a normal PHP. 
 
Table 12 : Flow Direction Map [50] 
  
Figure 72 : Comparison of thermal 
resistance among three different PHPs [50] 
The oscillation flow gives way to circulation as the heat load is increasing, and a 
FR also promotes the circulatory flow in a PHP. 
Moreover, as the flow path geometry of a PHP becomes less symmetric, the 
likelihood of circulatory flow increases. Two special configurations, one with 
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alternately varying channel diameter, the other equipped with a section of thicker tube 
(section 3.2 for details), have been tested and proved to be beneficial to forming and 
sustaining the circulatory flow [50]. By comparing the normal PHP with a uniform 
diameter, either of the improved PHPs exhibits a higher thermal performance (see  
Table 12 and Figure 72). 
3.6 Typologies of Flow Pattern 
 Various flow patterns may occur under different working conditions (heat input 
and FR) as shown in Table 13 and Figure 73 [50]: 
 Pure Slug Flow (S); 
 Semi annular Flow (SA); 
 Annular Flow (A). 
 
Table 13 : Flow Pattern Map [50] 
 
 
Figure 73 : Images of flow Pattern [50] 
3.6.1 Pure Slug Flow 
 “Pure Slug Flow” (S) occurs in the region of relatively low heat input and high 
FR. Bulk movement is rarely observed; it tends to arrest for a while and then continue 
flowing in a cyclic manner. The flow direction may randomly change in a rather 
irregular (see case a in Figure 74) and frequently, sections of slugs/bubbles only vibrate 
with high frequency and low amplitude about a mean position. 
 There are three types of bubbles according to bubbles size (Figure 74) [50]: 
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 SMALL BUBBLES  produced as a result of the continuous nucleate pool 
 boiling if the coalescence does not occur in the 
 evaporator section; 
 VAPOUR PLUGS their size is nearly equal to the tube diameter and 
 they are predominantly produced; 
 LONG VAPOUR PLUGS tend to collapse easily. 
 
 
Figure 74 : (a) Slug flow regime in pulsating heat pipes; the flow changes direction with a time period of few 
seconds, (b) once transition to annular flow takes place, the bulk flow direction tends to stabilize and tubes 
become alternately hot and cold[17] 
3.6.2 Semi Annular Flow 
 In “Semi Annular Flow” mode (SA) the bulk flow is persistent and tends to 
take a fixed direction. The exact direction it takes is arbitrary for a given experimental 
run and once established remains fixed and does not turn around  (see case b of Figure 
74). As consequence alternated tubes are hot and cold at the same time as illustrated in       
Figure 74 . 
3.6.3 Annular Flow 
 “Annular Flow” (A) is the desiderable flow in a PHP [17]. A pure annular flow 
gives the best thermal performance when the PHP is approaching the heat transfer limit 
[50]. Further studies have also indicated that after a certain input of heat flux, the 
bubble-liquid slug flow may break up into annular flow regime[53]. 
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The probability for the annular flow to form is higher (the highest) if the following three 
requirements are given [17]: 
 High Eötvös number; 
 High heat flux; 
 Low filling ratio (≈ 50% or lower); 
It is quite difficult to establish a constant annular flow throughout the whole system as 
the filling ratio is increased above a certain particular value; this partly explains low 
thermal performances at higher fill ratios. 
3.6.4 Slug-annular transition 
 Transition can be observed at relatively higher levels of heat fluxes for fluids 
like water, ethanol ad R-123 [17,53]. It hinges upon: 
 the heat input; 
 the geometrical constructional features of the device operation; 
 the inclination angle of the device operation. 
Moreover there are also counteracting factors, such as: 
 Helmholtz type instabilities; 
 Subsequent “bridging/flooding” phenomena; 
 Other forms of dynamic instabilities. 
As a given geometry usually occurs with an increasing input of heat flux [52]. 
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3.7 Bubble patterns 
 Bubble pattern recognition, characterization and issues provides important 
direction to mathematical modeling of PHPs [07]. 
3.7.1 Bubble size 
 It has frequently been observed that a small amount of liquid is always left 
behind as the liquid slugs pass the heated U-bends. A boiling phenomenon within this 
small amount of entrapped liquid and qualitatively comparable to nucleate pool boiling 
is observable, producing bubbles smaller than the tube diameter (see case a in Figure 
74). Bubbles whose size is nearly equal to the tube diameter (the difference being 
attributed to the liquid thin film between the bubble and the tube) are more 
predominantly produced. In addiction bubble length may or may not be comparable to 
the overall length of the PHP. 
3.7.2 Bubble contact angle 
 Depending on the physical properties of the working fluid and the tube material, 
the leading and lagging contact angles of the vapour liquid interface may be different to 
what has been predominantly seen in water compared to ethanol. This effect has a 
significant effect on the overall frictional resistance of the flow [08,19]. 
3.7.3 Bubble merging and breaking patterns 
 Small bubbles, produced as a result of nucleate pool boiling in the evaporator 
section, rise in the adiabatic section of the tubes. Depending on the bubble rise velocity, 
relative movement of the bulk fluid, geometry of the heat pipe and local heat transfer 
characteristics are relevant factors and these bubbles may reach the condenser section 
with reduced sizes or they may completely collapse due to condensation while in transit. 
If a larger bubble is encountered on the way, these smaller bubbles usually merge with 
it as shown in Figure 75 case a. A part of the expanding bubble breaks away from the 
main bubbly and travels further to merge with another bubble it may encounter on the 
way (shown in Figure 75 case b).  
    
 
Figure 75 : Bubble patterns observed in PHP [08] 
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A large bubble shrinks due to condensation and may sometimes become smaller than 
the tube diameter and immediately floats up due to buoyancy as shown in Figure 75 
case c.Two or more large expanding bubbles usually coalesce to form larger bubbles 
which in turn may get subdivided again into smaller components as shown in Figure 75 
case d. 
3.7.4 Bubble displacement patterns on micro and macro level 
 Vapour plugs may oscillate / vibrate with comparatively higher frequency and 
small amplitude about a mean position. These oscillations may or may not be 
superimposed by a macro displacement of the bubble. 
Two typical vapour plugs, 1 and 2 travel in the same direction with nearly same 
velocities taking along the liquid slug which is trapped between them. This 
phenomenon is comparable to piston movement of the bubbles (Figure 75 case e). 
Vapour plugs may oscillate / vibrate with comparatively higher frequency and small 
amplitude about a mean position. These oscillations may or may not be superimposed 
by a macro displacement of the bubble. 
Two typical vapour plugs, 1 and 2 travel in the same direction with nearly same 
velocities taking along the liquid slug which is trapped between them, comparable to 
piston movement of the bubbles (Figure 75 case e). 
Vapour plug 1 is nearly stationary and plug 2 expands or alternatively travels with a 
velocity finally merging with plug 1 to form a bigger plug 3 which continues to travel. 
It is clearly observable that the vapour plug 2, instead of acting as a ‘piston plug’ 
pushing the liquid plug completely, travels through the liquid slug thereby displacing 
in-between liquid which eventually passes through the thin layer around the bubble (see 
Figure 75 case f). Vapour plugs 1 and 2 are both moving in the same direction, with 
simultaneous expansion, and finally merge to form a larger vapour bubble 3 which 
continues to travel in the same direction (Figure 75 case g). Vapour plugs 1 and 2 are 
both moving in the opposite direction, with simultaneous expansion, finally merging 
together to form a larger bubble 3 that continues to travel in the resultant direction 
(Figure 75 case h). 
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3.8 PHP flow pattern in vertical orientation 
3.8.1 Evaporator Region 
 The evaporator region is the nucleation site. Here a bubble acts as a piston of a 
pump which displaces superheated liquid away from the surface [44]. For nucleate 
boiling to occur, the inner wall temperature    fulfills the following condition [92]: 
        
  
 
    
   
 
  = surface tension 
    = density of vapour 
  = latent heat of vapourization 
     = saturation temperature 
   = wall temperature 
  = cavity radius 
      
 
Furthermore when the conditions of nucleation boiling are satisfied, formation of 
bubbles continue to originate from the same spot [44].  
 
 
Figure 76 : Nucleation site (vertical orientation, heat power=50 W, FR=0.6) [44] 
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Figure 76 shows a nucleation site; it can be demonstrated that [44]: 
 we have the continuous growing and the evolution of spherical bubbles at the 
nucleation site when a slug enters the evaporator of the PHP. The bubbles are 
evolved due to the rapid evaporation of the working fluid at the nucleation site; 
 once the bubbles are formed, they are swept away quickly because of the high 
slug flow velocity through the evaporator; 
 large quantity of heat is transported from the evaporator towards the condenser 
region where heat is dissipated; 
 once the previous slug in the evaporator exits towards the condenser, a new one 
will enter the region due to the interplay of the driving and restoring forces and 
ready to absorb the heat; 
 when the flow across the heat section is slow, the small bubbles are dispersed in 
the vicinity of the nucleation site as they are not carried away immediately by the 
bulk mass of the fluid; 
 when numerous bubbles remain in the heated section, bubbles can coalesce and 
grow in size; 
 continuous heating causes the pressure of the bubble to increase and bubble 
expansion to occur. 
3.8.2 Condenser Region 
 In the condenser region the vapour rise velocity is strongly dependent upon the 
buoyancy force due to the difference in density of the two phases. 
Moreover a short slug is unstable due to the shedding of liquid mass to form liquid film 
during flow: it tends to merge with the slug upstream or disappear when vapour plug B 
penetrates and overtakes the short slug to coalesce with vapour plug A (see Figure 77). 
Therefore the density of the newly formed bubble changes and the velocity with which 
the new bubble rises is different from the smaller ones that have been involved in the 
coalescence. 
3.8.3 U-Bend Region 
 In U-bend region the flow is oscillatory due to the shedding of the liquid masses 
as liquid slug negotiate the bend. The accumulation of liquid masses at the lowest bend 
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Figure 77 : Coalescenceof rising vapour plugs  (vertical orientation, heat power=50 W, FR=0.6) [44] 
shed trickles downwards along the internal side-wall towards the lowest section of the 
PHP in the form of liquid film with the assistance of gravitational force (Figure 78) 
 
 
Figure 78 : Accumulation of liquid masses (vertical orientation, heat power=50 W, FR=0.6) [44] 
3.9 PHP flow pattern in horizontal orientation 
In a horizontally positioned PHP the bubble coalescence takes place randomly and 
very quickly (Figure 79 and Figure 80). When this occurs, mass transfer is involved and 
the disturbance, which is due to pressure changes in the newly formed bubble, is felt by 
other slugs and plugs in the PHP. In addition, it causes vigorous motion in the 
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surrounding liquid and has a major effect on mass transfer (propagation of inertia wave 
in the region just before it enters into the evaporator region, as show in Figure 81)[60]. 
 
 
Figure 79 : Coalescence of spherical and Taylor bubble (horizontal orientation, heat power=50 W, FR=0.6) 
[44] 
 
Figure 80 : Bubble coalescence (horizontal orientation, heat power=50 W, FR=0.6) [44] 
 
Figure 81 : Transferring surface wave (horizontal orientation, heat power=50 W, FR=0.6) [44] 
The formation of short slug instead is due to inertia wave (Figure 82). Basically 
the formation of inertia wave is a result of disturbances to the liquid film caused by the 
adjacent slug unit, and the liquid at the inertia wave tends to coat the inner wall to form 
a liquid bridge in the PHP because surface tension is dominant in the small diameter 
tube (see Figure 82). 
3.10 Future Investigations 
 From this brief summary comes to light the lack of literature regarding an 
original and innovative inclination of this device with respect to gravity, so called “edge 
inclination”, that is the PHP is in vertical position with horizontal channels. Actually, 
these particular configuration could be useful for a better PHP's understanding. 
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Therefore, the phenomenology of the  “edge inclination” will be one of the main 
purpose of this thesis, even thanks to visualisation. 
 
 
Figure 82 : Formation of slug and plug (horizontal orientation, heat power=50 W, FR=0.6) [44] 
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4 EXPERIMENTAL APPARATUS 
 This chapter will list and shortly describe the basic elements being used to 
realize the test bench. Furthermore, a brief characterisation (accompanied by datasheets) 
of the most important used equipment will follow. In Figure 83 the test bench including 
major equipment are summarised. 
 
Figure 83 : Panoramic of the test bench and all the equipments (own photo) 
  
CHAPTER 4 – EXPERIMENTAL APPARATUS 
 
  
99 
4.1 Test Bench 
 The test bench is made of many aluminum section bars which all together 
constitute a fix frame in the shape of parallelepiped. These bars are conjoined to each 
other by special screws. Figure 84 shows in detail the characteristic cross section of the 
bars. 
 
 
Figure 84 : Cross section of the aluminium bar (own illustration) 
 Inside the main frame two more mobile frames of the same shape are fixated by 
means of four steel plates (two for each mobile frame). The bigger one spins around a 
longitudinal axis whereas the small one spins around the transverse axis (see Figure 85 
for details). 
 
 
Figure 85 : View of mobile frames and axes (own illustration) 
This rotation is achieved through the many holes that have been drilled into each plate 
alongside a circumference using a constant angular pitch (one hole every       ). This 
architecture provides the required control of the tilting angle during testing. 
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Figure 86 : View of the axes in the test bech (own photo) 
4.2 PHP 
 The open loop flat plate pulsating heat pipe (FP-PHP) has been elaborated in a 
copper block (width:      , length:      ) in which a single square shaped 
groove (      ) forming a series of ten turns has been machined. Figure 88 shows 
the technical drawing designed with the software “Solid Works”, in which the typical 
sections recognizable in these devices are highlighted according to colour: the abiabatic 
(green), the condenser (blue) and the evaporator sections (red). 
Table 14 : Main dimensions of the PHP 
PHP material Copper 
PHP DIMENSIONS  
Length       
Width       
Maximum Thickness      
CHANNELS  
Overall dimensions                    
Number    
Section Square             
Intercapedine     
Bend Radius       
X X 
Y 
LONGITUDINAL 
AXIS 
TRANSVERSE 
AXIS 
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Figure 87 : View of the PHP (own photo) 
Table 14 illustrates the main dimensions used to realize the PHP, whereas in Figure 87 
the device before test bench setting is shown from different angles. 
 
  
 
  
 
Figure 88 : Technical drawing of the PHP (own illustration made with Solid Work) 
CONDENSER 
EVAPORATOR 
 
ADIABATIC 
ZONE 
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4.2.1 Evaporator zone 
 The evaporator zone of the copper block (     long and      thick) is 
heated by four cartridge heaters (VULSTAR 10164) which are connected to electrical 
power supply (Figure 89). 
 
Figure 89 : Cartridge VULSTAR 10164 (from catalogue) 
 Vulstar® cartridges are used to heat metal like moulds, dies, plates, bolts or 
liquids. They must be inserted by drilling with an    allowance and pre-lubricated with 
an anti-corrosion product to facilitate installation and removal. 
 Where possible, the drilling well must be extended by a small hole through the 
other side through which an extractor may be inserted. Length   must be fully in contact 
with the medium in order to be heated and conduct heat.  
 The high heat flow of VULSTAR® cartridges requires efficient temperature 
control with a probe (usually a J-type or K-type thermocouple) installed close to the 
heating section. Thus two security thermocouples marked by green cables (Figure 90) 
have been  used to avoid the overcoming of     . The whole device including security 
thermocouples was assembled by the technicians of the ISAE-ESMA Department for 
Thermal Studies (Laboratoire d’Etudes Thermiques). 
  
Figure 90 : Device for the security thermocouples (own photo) 
  
Table 15 : Evaporator dimensions 
 
 
 
 
 
 
 
Table 16 : Datasheet of cartridges VULSTAR 10164 
 
Length      
Width       
Thickness      
Hole diameter    
Number of holes   
Number   
Diameter      
Length (L)      
Material AISI 321/Din 1.4541 
stainless steel. Filled with 
high-temperature (HT), non-
watertight thermal cement 
Power      
Load         
Resistance      
 
Figure 91 : Evaporator dimensions (own illustration) 
 
 
 
 
Figure 92 : Cartridges dimensions (from catalogue) 
  
 
Figure 93 : View of cartridges before installation of  the device (own photo) 
 
Figure 94 : PHP after installation in the test bench (own photo) 
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4.2.2 Condenser zone 
 The condenser zone (     long and        thick) is cooled by an ethylene-
glycol/water mixture flow running through the copper block; its temperature is 
controlled by means of a cryostat (Huber CC240 wl). Table 17 shows all the condenser 
dimensions. 
Table 17 : Condenser dimensions 
Length        
Width       
Thickness      
CHANNELS  
Number   
Section Rectangular 
Width     
Intercapedine     
Bend Radius       
 
 
Figure 95 : Condenser dimensions (own illustration) 
 Huber CC240 wl (Figure 96) is a circulator which is equipped with a pump and 
a bath that contains the object to be thermally regulated. The built-in circulating pump is 
used to mix the bath liquid, but can also be used if necessary to circulate the thermal 
fluid through an externally connected circuit (as is the case for this thesis), for example 
by pumping the liquid flow through the cooler allowing for the cooling of all heating 
circulators. 
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4.2.3 Adiabatic zone 
 A so-called adiabatic zone (      long and     thick) exists between the 
evaporator and the condenser. 
4.2.4 Flexible seal 
 A very thin flexible seal (Tacky Tape® SM5227, see Figure 97) is placed on top 
of every groove in order to provide a sealing between the channels. This configuration 
is a key operating condition of PHP, in case the latter do not consist of a tube. 
 Tacky Tape® SM5227 (datasheet in Table 19) is a 100% solid, asbestos-free 
butyl tape sealant – a rubbery, tacky and reinforced compound designed for sealing off 
metal lap joints in the metal industry. It is easy to apply and compress during 
installation. It possesses excellent application and performance characteristics over a 
wide temperature range, and will not crack, flow or become brittle during service. 
 
  
 
 
 
Table 18 : Datasheet of thermoregulation Huber CC240 wl 
Operating temperature range          
Temperature stability at –           
Temperature adjustment digital 
Temperature indication digital 
Resolution      
Internal temperature sensor Pt 100 
Cooling capacity  
at             
at         
at            
at            
at             
Refrigerant      
Heating Capacity        
Pressure of pump max         
Power supply requirement                 
 
 
 
Figure 96 : Huber CC240 wl thermoregulation (from Huber’s catalogue) 
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Figure 97 : Tacky Tape® SM5227 on PHP 
Table 19 : Datasheet of flexible seal Tacky Tape® 
SM5227 
 
Density           
Percent Solids      
Yield Strength        
% Elongation        
Water 
Resistance 
No effects 
Application 
Temperature 
Range 
         
Service 
Temperature 
Range 
         
Weatherability 
(QUV, 340A 
lamp 1000 Hrs) 
Excellent, no 
cracking, chalking, 
wash-off or flow 
(sag) 
Water 
Penetration 
Pass – No leakage 
Air Leakage 
At 1.57 PSF 
 
 
At 6.24 PSF 
               
              
 
               
               
 
Shelf Life 18 months when 
stored or below 
    
4.2.5 O-Ring Viton 
 An O-ring Viton (Figure 98) is placed in the external groove to ensure good 
contact with the glass after the closure and to prevent direct contact between the glass 
TACKY TAPE® SM5227 
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and the copper surface of the PHP. Table 20 lists the most important properties and 
recommendations in regards to the material used. 
 
Figure 98 : O-ring Viton (own illustration) 
 
 
Table 20 : Datasheet of O-ring 
Min. Temperature      
Max. Temperature      
Material FPM75 
Recommended use Vacuum 
Most Acids / Chemicals 
Halogenated Hydrocarbons 
Di-Ester Lubricants 
Petroleum Oils / Fuels 
Silicone Oils / Greases 
Not Recommended applications Ketones (MEK) 
Auto / Aircraft Brake Fluids 
Amines (Ammonia) 
Acetone, Skydrol, Ethyl Acetate 
Hot Water and Steam 
Low Molecular Esters and Ethers 
Mechanical Properties Good Wear Resistance 
Excellent Comp. Set Resistance 
Moderate Short-Term Resilience 
Excellent Permeation Resistanc 
O-RING 
VITON 
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4.2.6 The glass window 
 A glass window (see Figure 99) is used to enable clear visualisation of the flow 
pattern inside the device, being it useful for its characterization. It is attached to the top 
surface by clamps. The following Table 21 summarizes its dimensions. Previously a 
thicker glass of     has been used owing to supposedly greater stability against 
   . 
 
 
Figure 99 : Glass used in the PHP (own photo) 
 
Table 21 : Glass dimensions 
Height        
Width       
Thickness     
4.2.7 Vacuum Grease 
 Vacuum grease (Bluestar Vacuum Grease) is used to ensure a major protection 
against leaks. It is applied all around the boundary of the glass especially in the 
intercapedine area between the glass and the copper surface (Figure 100). 
 Bluestar Vacuum Grease (see more details in Table 22) is a silicone paste based 
on polydimethyl siloxane oil and inert fillers. It is especially intended for use in 
industrial and laboratory lubrication applications. It is widely utilised to lubricate taps 
and valves fitted to equipment working under vacuum, and it is also used as high 
viscosity grease. Its main advantages are: 
 low vapour tension up to      , allows for low residual pressure to be easily 
achieved; 
 high water repellence: well resistant to water wash out; 
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 chemical inertia: non corrosive on metals and no plasticising effect on rubbers or 
plastics; 
 very little variation in viscosity as a function of temperature;  
 resistance to extreme temperatures of between - 40 °C and + 200 °C in 
continuous use and of over 200 °C in case of exposition for short periods; 
 resistance to chemical agents: resists solvents, oxidation and remains unaltered 
by mineral and vegetal oils. 
 
Figure 100 : Vacuum grease 
Table 22 : Datasheet of vacuum grease Bluestar 
 
Colour Translucent to whitish 
Specific gravity at 
25°C 
    
Apparent viscosity           
Bleeding after 24 h 
at 200 °C 
      
Evaporation after 
24 h at 200 °C 
    
Operating 
Temperature range 
          
4.2.8 Nuts and bolts 
 The following table (all the measure are expressed in   ) shows all the 
junction elements which have been employed to tighten the device (see also Figure 
101). For tightening a torque wrench was used to check the application of the same 
torque to each bolts, in order to avoid an asymmetrical stress in and around the PHP. 
The latter could indeed cause serious problems due to leaks and/or broken glass. 
 
Figure 101 : Screws, nuts and whashers (own photo) 
  
DESIGNATION IMAGE TECHNICAL DRAW TECHNICAL DATA 
Screw UNI 5931 - M4x16 - 8.8 
 
 
Quantity: 18 
 
 
 
 
 
 
 
 
 
p = pitch 
 
d l p D K s t b 
                      
Screw UNI 5931 - M4x30 - 8.8 
 
 
Quantity: 8 
 
 
d l p D K s t b 
                      
Nut M4 UNI 5588-65 – A – 6S 
 
 
Quantity: 26 
 
 
 
 
D m pitch s e 
                 
Washer 4.3 x 9 UNI 6592-69 
 
Quantity: 22 
 
 
  
 
      s 
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4.3 PHP support 
 The PHP is fixed to the experimental bench by means of a support made of 
Ertalon 4.6® (thermal conductivity              . Figure 102 shows the Ertalon 
support, the glass window and a stainless steel clamp. 
 
 
Figure 102 : PHP support (own photo) 
4.4 PHP insulation 
 The device is thermally insulated on all its faces by rockwool (thermal 
conductivity              ) except for the front face, which remains open for 
visualisations as depicted in Figure 103. The purpose of this operation is primarily to 
diminish as much as possible the heat losses linked to the high heat power input during 
testing. 
4.5 Acquisition sensors 
4.5.1 Thermocouples 
 Ten T-type thermocouples monitor the temperature of each section of the PHP 
as well as the environment temperature (Figure 104): two sheathed thermocouples 
(       and       ,      ) have been inserted into small grooves on the back side of 
the evaporator (at      from both sides); another two (        and        ,    ) 
ERTALON SUPPORT 
GLASS WINDOW 
STAINLESS STEEL 
CLAMP 
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have been inserted in the input and output lines of the condenser; four bare 
thermocouples of 100  𝜇𝑚 wire diameter have been placed on the back side of the PHP  
 
 
Figure 103 : Rockwool around PHP (own photo) 
at 35  𝑚𝑚 from both sides, at the adiabatic zone (two at 40  𝑚𝑚 from the evaporator, 𝑇!"#!! and 𝑇!"#!!, and two at 40  𝑚𝑚 from the condenser, 𝑇!"#!! and 𝑇!"#!!). Finally, a 
final thermocouple 𝑇!"#  measures the ambient temperature in the close environment to 
the PHP. 
 
Figure 104 : Layout of thermocouples (own illustration) 
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4.5.2 Pressure transducer 
 A pressure sensor (PDCR3500-3238,        absolute) allows for the recording 
of pressure levels and fluctuations in one groove (Figure 105). 
 
 
Figure 105 : Pressure Transducer (own photo) 
4.6 Ethanol 
 Seeing as ethanol has been used throughout many other experiments of similar 
nature (for instance [08,20,41,50,53,54,70]), it is used as a suitable working fluid also in 
this device (Figure 106). The following tables (from Table 23 to Table 25) list the main 
chemical and physical properties of Ethanol. The thermodynamic table of this gas for 
the range of temperatures between          is shown in Appendix A (Table 50) 
together with its curve of saturation (Figure 201). 
 
 
Figure 106 : Ethanol (own photo) 
 
 
Table 23 : Fire Fighting Measures of Ethanol 
Flash Point       
Autoignition 
Temperature 
     
Explosion LimitsLower 
Upper 
         
          
 
  
PRESSURE TRANSDUCER 
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Table 24 : Physical and Chemical Properties of Ethanol 
Physical State Clear liquid 
Appearance Colorless 
Odor Mild, rather pleasant, like wine or whis 
pH Not available 
Vapour Pressure          at     
Evaporation Rate Not available 
Viscosity          at     
Boiling Point     
Freezing/Melting Point         
Decomposition Temperature Not available 
Solubility Miscible 
Specific Gravity/Density       at     
Molecular Formula        
Molecular Weight         
 
 
Table 25 : Stability and Reactivity of Ethanol 
Chemical Stability Stable under normal temperatures and pressures 
Conditions to Avoid 
Incompatible materials, ignition sources, excess heat, 
oxidizers 
Incompatibilities with Other 
Materials 
Strong oxidizing agents, acids, alkali metals, 
ammonia, hydrazine, peroxides, sodium, acid 
anhydrides, calcium hypochlorite, chromyl chloride, 
nitrosyl perchlorate, bromine pentafluoride, 
perchloric acid, silver nitrate, mercuric nitrate, 
potassium-tert-butoxide, magnesium perchlorate, 
acid chlorides, platinum, uranium hexafluoride, 
silver oxide, iodine heptafluoride, acetyl bromide, 
disulfuryl difluoride, tetrachlorosilane + water, 
acetyl chloride, permanganic acid, ruthenium (VIII) 
oxide, uranyl perchlorate, potassium dioxide 
Hazardous Decomposition 
Products 
Carbon monoxide, irritating and toxic fumes and 
gases, carbon dioxide 
Hazardous Polymerization Will not occur 
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4.7 Vacuum Pump 
 The Vacuum Pump (Pascal 2010 C2) as depicted in Figure 107 is utilised to 
vacuum: 
 the tank before beginning the filling procedure; 
 the PHP in order to correctly establish/secure a flexible seal between the 
grooves; 
 the PHP before being filled up with Ethanol. 
  
Figure 107 : Vacuum Pump (Pascal 2010 C2) (from catalogue) 
This oil seal rotary vane pump can be used both on its own in order to achieve a 
maximum vacuum of           (        ), or in pumping assemblies (e.g. at the 
exhaust of a diffusion pump or turbomolecular pump). It disposes of a gas ballast 
enabling the pumping of condensable vapours, and of a neutral gas purge used to degas 
oil and dilute pumped gases. Figure 108 and Table 26 show further technical details of 
this particular type of pump. 
4.8 Leak Detector 
 The Leak Detector (ASM Graph 142), a powerful rotary vane pump (Figure 
109), can be considered one of the most important elements of the test bench. 
Its main peculiarity is based indeed on the capacity to verify the presence of leaks 
through the detection of Helium, the small dimension of this element being responsible 
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of its passage across possible intercapedine which can not ensure for a long time the 
previous vacuum achieved in the PHP. A short comparison between the datasheet of  
 
Figure 108 : Details of vacuum pump (Pascal 2010 C2) (from catalogue) 
Table 26 : Datasheet of Vacuum Pump (Pascal 2010 C2) 
Frequency      
Number of stages   
Rotation Speed         
Pneurop pumping speed         
Max pumping speed         
Max Gas throughput              
Emission sound pressure level without Gas Ballast                
Partial ultimate pressure            
Ultimate pressure with gas ballast closed            
Maximum pressure at inlet in continuous operation 
without oil recovery 
with oil recovery 
 
       
        
Maximum exhaust relative overpressure          
Oil capacity        
Weight (pump+motor)       
Inlet and exhaust end fittings DN 25 150-KF 
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this pump (see Table 27) with the previous one supports definetly the major cost of leak 
detector with respect to Vacuum Pump (Pascal 2010 C2). 
 
  
Figure 109 : Leak Detector (ASM Graph 142) (from catalogue) 
 
Table 27 : Datasheet of Leak Detector (ASM Graph 142) 
Backing pump 
with oil sealed backing 
pump 
Backing pump capacity        
Detectable gases     
Maximum inlet test pressure        
Minimum detectable leak rate for helium (sniffing 
leak detection) 
             
Minimum detectable leak rate for helium (vacuum 
leak detection) 
              
Noise level 57 dB (A) 
Operating temperature       
Pumping speed for He         
Start-up temperature        
Start-up time (20°C) with calibration         
Start-up time (20°C) without calibration 1 min 
Supply                   
Test method 
Vacuum and sniffing leak 
detection 
Weight       
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4.9 Electronic Precision Balance 
 An electronic precision balance (Kern 470-36) is used to execute different 
measurements durin the filling test procedure (see Figure 110 and Table 28 for more 
details). 
 
Figure 110 : Electronic Precision Balance (Kern 470-36) (from catalogue) 
 
Table 28 : Datasheet of Electronic Precision Balance (Kern 470-36) 
Readout (d)        
Verification value (e)       
Weighing range (max)        
Minimum load (min)       
Reproducibility        
Linearity          
Minimum weight for 
counting parts 
       
Adjusting weight 
(accuracy class F2) 
       
Weighing plate steel       
Power mains connection 
Mains adapter      ,         
Balance       
Humidity Max. 80 % relative (non evaporating) 
Ambient temperature    to      
Underfloor weighing Hanging loop below the cover plate as standard 
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4.10 Heat Gun 
 The Heat Gun (Bosch ghg 660 lcd professional) is used to perform some critical 
steps during the filling procedure of the PHP, such as the elimination of non-
condensable gases, which are normally contained in a fluid (see Figure 111 and Table 
29 for more details). 
 
  
Figure 111 : Heat Gun (Bosch ghg 660 lcd professional) (from catalogue) 
 
Table 29 : Datasheet of Heat Gun (Bosch ghg 660 lcd professional) 
 
 
Rated power input        
Weight        
Length       
Height       
Voltage            
Working temperature         
Airflow               
Control, airflow infinitely variable  
4.11 Power Supply 
 A Power Supply (EA ELEKTRO-AUTOMATIK model PS 8360-10 T) machine 
is used to provide heat power during testing (see Figure 112 and Table 30). 
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Figure 112 : Power Supply (EA ELEKTRO-AUTOMATIK modello PS 8360-10 T) 
 
 
Table 30 : Datasheet of the Power Supply (EA ELEKTRO-AUTOMATIK modello PS 8360-10 T) 
MAINS INPUT  
Input voltage          
Frequency         
Input current 
max. 
  
Fuse T 16A 
Power factor       
Inrush current       
Power consuption 
at output off 
    
Power consuption 
at standby 
    
OUTPUT-VOLTAGE 
Nominal voltage        
Adjustable range        
Stability at 
10…..90% load 
      
Ripple          
Accuracy       
 
OUTPUT-CURRENT 
Nominal current         
Adjustable range        
Stability at 
10…..100% load 
       
Ripple         
Accuracy       
OUTPUT-POWER  
Nominal power        
Nominal 
power<150V     
      
MISCELLANEOUS  
Operating 
temperature 
      
Humidity rel.      
Dimensions 
(WxHxD) 
             
Weight      
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4.12 Data Logger 
 The data logger used in this bench (Figure 113) is a CompactRIO (model NI 
cRIO-9074). Both the pressure transducer and the thermocouples (sample frequency 
           ) are connected to the data logger which sends the signals to the 
notebook so as to elaborate them. 
The main features of this data logger are as follows: 
 Integrated CompactRIO systems with a reconfigurable FPGA chassis and 
embedded real-time controller; 
 Low-cost systems for high-volume OEM applications; 
 4 or 8 slots for C Series I/O modules; 
 Up to        real-time processor; 
 Up to       DRAM memory,       of nonvolatile storage; 
 Up to two 10/100BASE-TX Ethernet ports with built-in FTP/HTTP servers; 
 LabVIEW remote panel Web server; 
 RS232 serial port and available USB port for peripheral devices. 
 
 
Figure 113 : Data Logger (CompactRIO model NI cRIO-9074) (from catalogue) 
Two modules are employed inside this data logger: 
 Module for Analog Input (modello NI 9215 in Figure 114); 
 Module for thermocouple (modello NI 9213 in Figure 115). 
The first module is necessary to elaborate the pressure signal; the second one to monitor 
all temperature signals from each thermocouple. In Table 31 the chart used to connect 
all the thermocouples to the data logger is displayed. 
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Figure 114 : Module for Analog Input (modello NI 9215) (from catalogue) 
  
 
Figure 115 : Module for thermocouple (modello NI 9213) (from catalogue) 
Table 31 : Chart of connection of the thermocouples to the data logger 
 
TC0        
TC1      
TC2 - 
TC3        
TC4        
TC5        
TC6         
TC7         
TC8        
TC9        
TC10         
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4.13 Cameras 
 The visualisations is performed with both a high speed camera (RedLake 
MotionScope e/Cam PCI 8000 S,      acquisition rate) for local phenomena (shaded 
area defined by dotted lines on Figure 117: rectangular window of around      high 
and      width) and a digital camera (Canon EOS 550D,      acqu. rate) for the 
global fluid motion/initial distribution across the PHP (see Figure 116 and Table 32). 
 
  
Figure 116 : Digital Camera (Canon EOS 550D) (from catalogue) 
 
Table 32 : Datasheet of the Digital Camera (Canon EOS 550D) 
IMAGE SENSOR  
Type               CMOS 
Effective Pixels Approx. 18.0 megapixels 
Total Pixels Approx. 18.7 megapixels 
Aspect Ratio     
Low-Pass Filter Built-in/Fixed with Self Cleaning Sensor Unit 
Sensor Cleaning EOS integrated cleaning system 
Colour Filter Type Primary Colour 
IMAGE PROCESSOR  
Type DIGIC 4 
FOCUSING  
Type  ISO 100-6400, H:12800 
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Figure 117 : PHP’s visualisation (own illustration) 
 The high speed camera MotionScope PCI (Figure 118 and Table 33) can be 
started or stopped remotely via a handheld switch or from an external trigger signal 
generated by an optical, acoustic, or electronic sensor. Once captured, the images of the 
event reside on the Redlake MotionScope PCI board in the PC until transferred over the 
computer’s PCI bus for display and analysis. Images are archived in the standard 
Microsoft.  
 
 
Figure 118 : High Speed Camera (MotionScope e/Cam PCI 8000 S) (from cataloue) 
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AVI file format and can be converted to other image file formats. Furthermore it 
provides a video output for display or archiving to video tape. Images can also be 
streamed (not recorded on the PCI board) for applications that require high-speed image 
acquisition without archiving. 
 
 
Figure 119 : View of Digital Camera, High Speed Camera and Optic Fibre inside the bench (own photo) 
 
Table 33 : Datasheet of the High Speed Camera (MotionScope e/Cam PCI 8000 S) 
Sensor Array                  (image array varies according to frame rate) 
Image Resolution Up to                                    
Recording Rates                        
Shutter Speed Electronic shutter operates at a factor of    to     of set 
recording rates.  
Ranges from             to      depending upon frame rate 
and mode 
Recording Mode 
Manual 
 
 
Trigger 
Begins recording when the record button is clicked. Continues to  
record and store images in memory until the stop button is 
clicked 
 
Begins recording when the record button is clicked. Continues to 
record and store images in memory until an external trigger 
signal is received. The adjustable trigger position (0%-100%) 
determines how many frames are stored before and after the 
trigger signal is received (time zero) 
Frame Storage 
Standard 
 
Up to               
DIGITAL CAMERA 
HIGH SPEED 
CAMERA 
 
OPTIC FIBRE 
  
CHAPTER 4 – EXPERIMENTAL APPARATUS 
 
  
129 
 
Enhanced 
 
Maximum 
 
Playback Rates 
 
Up to               
 
Up to               
 
Playback mode at 
                                                 and 
                      , forward and reverse. Single step 
mode, forward and reverse 
Trigger Input Standard TTL signal up to        BNC connector 
Video Out RS-170 (NTSC or PAL compatible) output to VCR or external 
monitor 
Lens Mount Standard C-mount 
Power 
Requirement 
           per PCI system (           
Recommended PC Minimum 200+MHz Pentium with MMX technology, graphics 
display of                 DRAM, 3+GB Hard Drive, CD 
ROM Drive, 2 or more PCI slots. Zip or Jazz drive 
recommended 
Camera size    ”       ”     ”   
Weight:               
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4.14 Optic Fibre 
 As shown in Figure 119 optic fibre (SHOTT DCR III) is used to achieve clean 
and clear images and videos during testing. 
 The DCR III is a DC-regulated 150 watt-halogen light source which provides 
intense, cold illumination for Machine Vision applications. Powered by an internal 
switching power supply with universal input voltage, the light output does not flicker  
 
 
Figure 120 : Optic Fibre (SHOTT DCR III) (from catalogue) 
 
with the      AC-frequency. This makes the DCR III the light source of choice for 
various Machine Vision applications. It is contained in a rugged and stackable housing, 
assembly (Modulamp®) with three eligible lamp types, a 9-pin analogue connector as 
well as an optional Iris-diaphragm, a shutter and a RS-232-connection (consult Figure 
120 andTable 34). 
 
Table 34 : Datasheet of the Optic Fibre (SHOTT DCR III) 
 
 
 
 
 
 
 
 
 
 
Rated Power Output      
Output Voltage              to  
         
Input Voltage Rating, 50/60 Hz.     to          
Power Factor Correction @ 230 VAC, 50 Hz.           
Hold-up Time, Nominal AC Input, Full Load       
Line Regulation, Over Entire Input Range       
Current Limit Set Point          
Temperature Range 
Operating 
Storage 
    to      
      to      
Relative Humidity, Non-condensing     to      
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4.15 Hydraulic Elements 
 Three valves (Swagelok SS-41S2) are used for the vacuuming and filling 
procedures of the PHP, as well as for the hydraulic separation from the environment 
(see Figure 121). The exact product details about the valves provided by the company 
are summarized in Figure 122 below. 
 
 
Figure 121 : Swagelok valves uses in the device (own photo) 
 
 
Figure 122 : Detail of valve Swagelok SS-41S2 (from catalogue) 
 
 
TO THE PHP 
TO THE PUMP 
TO THE TANK 
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5 EXPERIMENTAL PROCEDURE 
 The whole experiment is realized by means of cyclic operations that can be 
easily summarized as follows (Figure 123):  
 PHP’s preparation; 
 PHP’s setup; 
 Filling procedure and PHP’s filling; 
 Test procedures; 
 Post Processing. 
 
 
Figure 123 : Chart of the experimental procedure (own illustration) 
 This chapter will focus on a detailed explanation of each step – carefully 
pointing out the most relevant considerations that have led to the main conclusions, 
which will be further developed and elaborated in the final chapter. 
PHP's 
preparation 
PHP's setup 
Filling procedure 
and PHP’s filling 
Test procedures 
Post Processing 
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5.1 Empty test 
 Before starting the whole campaign, an empty test has been carried out so as to 
evaluate the mean thermal resistance of the device (  ̅       working as a purely 
conductive system. 
 In this matter, the PHP is properly insulated by means of rockwool, like in a 
standard test with working fluid (see Figure 136). Then the condenser is run, vertically 
positioned, at three different temperature levels (each one for each test) by means of the 
cryostat: 
             ; 
               
             . 
 
Figure 124 : Mean thermal resistance vs heat power input during the empty test (own graph) 
The applied heat power inputs  ̇ are shown in Table 39. The corresponding results, 
however, are illustrated below in Figure 124, where the mean thermal resistance 
 ̅      converges, more or less, around        . 
 ̅      
 ̅      ̅    
 ̇
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 When looking up the definition of the mean thermal resistance  ̅   shown in the 
above equation, it is obvious that with an equal heat power input  ̇  the condenser 
temperature in increasing (i.e. the difference of temperature    decreases), the more the 
thermal resistance decreases. 
 In addition, when comparing the results of the empty test with the ones provided 
from a filled PHP (e.g in vertical position, Figure 125), it is possible to point out: 
 the great potentiality of the working fluid, which lies in its capacity to decrease 
the thermal resistance with respect to a purely conductive device (in this case 
from the value of         to the value of        , and in so doing, giving 
evidence of a global reduction of more than    ); 
 the great potentiality of the device, based on simple working principles (gravity 
force, surface tension, oscillating forces) and its easy realization and 
applicability. 
 
 
Figure 125 : Comparison between performances in case of empty PHP and filled PHP (own graph) 
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5.1.1 Heat loss calculation 
 A preliminary evaluation of the heat losses  ̇     has been provided in order to 
check the efficiency of the insulation made with rockwool. 
 Theoretically it is possible to evaluate  ̇     by means of the following energy 
balance (Eq. 5.2) and relative calculations till Eq. 5.4, where       is the specific heat of 
demineralized water whereas ̇     is the demineralized water’s flow mass. 
 ̇   ̇   ̇               ̇      ̇      ̇           
 ̇      ̇      ̇      ̇      ̇           ̇    (               )       
 ̇      ̇                   (               )       
 Practically, the estimation through the Eq. 5.4 has been prevented due to the lack 
of a flow-meter for measuring the demineralized water’s flow mass inside the tubes 
connected with the cryostat. 
 Hence, the method used to calculate heat losses is taken from a macro excel 
files, made avaiable by a doctorate student who had developed it in the scope of his PhD 
thesis on a similar topic. 
 The percentile of  ̇     has been estimated around    . Therefore  ̇ represents 
the effective thermal power, subtracting the evaluated values of heat losses from the 
electrical power. 
 ̇   ̇      ̇               
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5.2 PHP’s preparation 
5.2.1 Flexible seal's application method 
 The procedure used to apply the flexible seal, the latter described in section 
4.2.4, step by step is explained as follows: 
1. Both the entire surface and the grooves of the PHP have been carefully cleaned 
with alcohol; 
2. The flexible seal has been cut in many strips starting from a big roll (Figure 
126); 
 
Figure 126 : Big roll of flexible seal (own photo) 
3. Each strip is put into each gap between the grooves, paying attention to stretch it 
before its application so as to avoid its big thickness (Figure 127 below); 
 
 
Figure 127 : Small strips of flexible seal between grooves (own photo) 
4. Baking paper is placed on the top of PHP. Then an O-ring is put into the 
external groove (Figure 128); 
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Figure 128 : Baking paper on the top of PHP together with the O-ring put into the external groove (own 
photo) 
5. The PHP is then covered by glass and a clamp, then “symmetrically” tightened 
by means of some screws and nuts (Figure 129) in order to ensure a uniform 
strain so as not to crack the glass. Thus, a torque wrench is used to make sure 
that the same torque is applied for each screw; 
 
 
Figure 129 : PHP covered by glass and tightened by means of screws and nuts (own photo) 
6. The device is then vacuumed by means of a vacuum pump (see section 4.7 for 
more details) in order to adhere the flexiable material, taking advantage of the 
depression inside the device (Figure 130); 
7. The glass and the baking paper are removed again, then the extra material inside 
the groove is carefully trimmed with a simple cutter (Figure 131); 
8. The glass and the clamp are replaced and tightened once more (see step 5), but 
this time all the screws are used; 
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Figure 130 : PHP vacuumed by means of a vacuum pump (own photo) 
 
 
Figure 131 : PHP after trimming the extra-material between grooves (own photo) 
9. The PHP, now connected to the leak detector as shown in Figure 132, is 
vacuumed once more to check for the right adhesion of every black strip onto 
the glass (owing to depression) and for possible leaks (i.e. through the 
maintenance of the depression). In this perspective, a tiny gun linked to a helium 
cylinder is utilised (Figure 133). This item is most useful to blow a big quantity 
of helium into possible sites loss of the device, allowing for the detection of 
appreciable and significant quantities of escaping helium through the detector 
(due to the small dimensions of this noble gas) as a valid proof of the absence of 
dangerous losses. 
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Figure 132 : PHP connected to the leak detector in order to test the right adhesion of flexible seal and the 
absence of leaks (own photo) 
 
 
Figure 133 : Helium cylinder connected to a little gun (own photo) 
 This procedure is considered crucial for achieving real performance, according 
to the PHP’s working principles (i.e. to avoid any type of communication between 
channels, which clearly implies pressure drops). For clarification Figure 134 shows how 
the flexible seal is coming off either due to the breaking of the glass window or after 
observed communication between channels during the test (especially in the case of 
high heat fluxes  ̇). 
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Figure 134 : Typical situations of the flexible seal due to technical problems (glass panel is removed), (own 
photo) 
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5.3 PHP’s setup 
 Essentially, the PHP’s setup depends on the assembly of the device onto the test 
bench with the help of Ertalon 4.6® (detailed in section 4.3). However, before this step, 
all the cartridges have been put inside the evaporator, and all the thermocouples 
attached to the PHP according to the planned design described in section 4.5.1 and 
related Figure 104. 
 
 
Figure 135 : Cartridges mounted inside the 
evaporator and all the thermocouples fixed 
behind the PHP (own photo) 
 
Figure 136 : PHP insulated with rockwool (own photo) 
Furthermore two relevant conditions were met when setting up the device: 
 Be careful not to force overly the welded tube behind the PHP, so as not to 
create dangerous fractures of the welding (Figure 137); 
 Be careful not to move the thermocouples from their original position, since 
their movement would alter the results. 
Once the PHP is setup, it is again insulated with rockwool as described in section 4.4 
(Figure 136). Secondly, the condenser section is connected with cryostat by means of 
two silicon tubes, checking for the absence of leakages through the T-connections 
displayed in Figure 138. Lastly, all the hydraulic connections behind the device are 
forced with a wrench, and then controlled “piece by piece” with the leak detector 
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connected on one extremity (see the arrow in Figure 138). The same method has been 
used and described in the previous section (i.e. with gun connected to helium cylinder). 
 
 
Figure 138 : Two tubes connected to the cryostat and 
hydraulic circuit behind the PHP (own photo) 
5.4 Filling procedure and PHP’s filling 
 The procedure to fill the PHP in accordance with the planned value of   , can 
be divided into two sub-procedures: 
 Filling procedure (degassing of Ethanol in a special tank); 
 PHP’s filling  (Ethanol’s transfer from the special tank to the PHP). 
The tank which is used for this operation has specially been designed by technicians of 
the thermal laboratory inside ENSMA. It is made of copper and and has a hydraulic 
valve on the top both for external insulation and the I/O of ethanol. 
5.4.1 Filling Procedure 
Most of the following pictures depict and refer to the second filling procedure. 
1. The tank is connected to the vacuum pump in order to achieve a reasonable 
value of internal depression (          absolute); 
2. The tank is weighed with an electronic precision balance (see section 4.9 for 
details), setting then its tare to “zero” (Figure 139); 
Figure 137 : Welded tube behind the PHP 
(own photo) 
DELICATE 
WELDING 
T-CONNECTIONS 
IN- COND 
OUT-COND 
TO LEAK 
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R 
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Figure 139 : Tare setting to zero (own photo) 
3. A silicon tube is screwed on the top of the tank (Figure 140) and filled up with 
Ethanol. Then, after opening the valve, the Ethanol inside the tube escapes 
inside the tank. This operation is repeated until the value of Ethanol’s mass 
inside the tank is greater than the predicted one so as to be sure of achieving the 
planned FR through the follow steps (e.g in the second filling         were 
reached with respect to the theoretical value of         to get       , see 
Figure 141); 
 
 
Figure 140 : Silicon tube screwed on the top of the 
tank (own photo) 
 
Figure 141 : Ethanol’s mass inside the tank greater 
than the theoretical value to achieve the planned FR 
(own photo) 
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4. The tank is heated up in its lower part with a heat gun (Figure 142) so as to 
separate non-condensable gases trapped from the Ethanol (so called degassing 
procedure). After a certain temperature is reached, the valve is firstly opened a 
little in order to allow non-condensable gases to escape. Secondly the tank is 
cooled with water (inside a water quench); finally it is weighted again in order to 
take note of the new value of mass and to check whether the new value is 
numerically above the necessary theoretical value. 
This process is then repeated until the value of non-condensable gases is 
considered sufficiently low (e.g in the second filling it has been repeated three 
times, Figure 143). 
 
  
Figure 142 : Tank filed with Ethanol and heated in the lower part with of heat gun (own photo) 
   
Figure 143 : Mass of the tank after every degassing procedure (own photo) 
 The degassing procedure can be considered one of the most crucial steps. It is 
also of utmost importance to detect and correct any leaks and unwanted 
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communications between grooves. The main working principles can be summarized as 
follows (easily interpretable with a T-S diagram): 
 in case there are huge quantities of non-condensable gases inside the tank, the 
heating of the lower part implies a similar heating in the upper part; 
 in case of small quantities of non-condensable gases inside the tank, the heating 
of the low part implies a less heating in the upper part; 
 After the heating process a sufficiently high level of pressure inside the tank 
should be achieved in order to prevent the influx of incoming air from the 
external environment during the short period in which the valve is being opened 
to discharge non-condensable gases. 
 
 
Figure 144 : Degassing procedure employed during my last thesis on a CLPHP [01] 
 The efficiency of many different techniques in regard to this process is much 
debated today. The evaluation, control, and reduction of non-condensable gases is 
indeed not an easy task, and many different procedures have been proposed. The exact 
choice often depends on group consensus and the technique regarded as “the best” by 
the research team. For instance, in my first thesis on a similar topic and co-founded by 
ESA [01]
6
, the degassing procedure of a different working fluid (i.e. FC-72) was 
performed by means of flash boiling contained in a special tank (Figure 144). 
                                                 
6
 V. Manno, Misura delle prestazioni di uno scambiatore innovativo per il controllo termico di apparati 
elettronici della Piattaforma ISS, Tesi di Laurea Triennale in ingegneria Meccanica, Dipartimento di 
Ingegneria Meccanica Nucleare e della Produzione, Università degli Studi di Pisa, Ottobre 2012 
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During this procedure the pumping process with a simple vacuum pump was sufficient 
to achieve the formation of two different phases inside the tank: degassed FC-72 in the 
lower part of the tank and one non-condensable gases (including of course some 
residual FC-72 vapours) in the upper part. Thus the elimination of non-condensable 
gases was carried out through flash-boiling instead of “manually” opening a valve like 
in this thesis. For more information about non-condensable gases see Appendix B. 
5.4.2 PHP’s filling 
 In Figure 145 the hydraulic circuit positioned behind the PHP and employed for 
its filling is illustrated. From a T-junction three ducts lead to three different valves 
communicating with three different environments: 
 With both the pressure transducer and the PHP; 
 With the Ethanol filled tank; 
 With the vacuum pump (standard or leak detector). 
 
 
 
Figure 145 : Two views of the hydraulic circuit used to fill the PHP (own photo) 
In Table 35 there is a chart that briefly describes the procedure step by step. 
1. For the last time, every day before the filling, the PHP is vacuumed for several 
hours with the vacuum pump in order to remove as much non-condensable gas 
as possible. This operation is repeated at least twice in a day, with a short break 
TO THE PHP 
TO THE PUMP TO THE TANK 
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in the middle, during which non-condensable gases is supposedly releasing. The 
internal pressure 𝑃 achieved has been estimated around 0.02  𝑏𝑎𝑟 absolute; 
2. The device is tested for the last time with the leak detector so as to double-check 
whether there are any leaks (same method applied during the PHP’s setup) and 
the global sealing; 
 
Table 35 : Chart of the PHP’s filling (own illustration) 
 
 
3. The tank is connected to the hydraulic circuit behind the PHP (as shown in 
Figure 145 on the right), while checking the connection with the valve so as to 
avoid leakages. 
4. The cryostat’s temperature is set to a low value (e.g. 5℃) whereas the tank and 
all the hydraulic circuit are heated up with a heat gun. 
VACUUM&
PUMP&/&LEAK&
DETECTOR&
TANK&&
PRESSURE&
TRANSDUCER&
VLV&1&VLV&2&
VLV&3&
ETHANOL&
PHP&
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On one hand the heating of the tank is useful to increase its internal pressure, 
which is the driving force during the filling procedure; on the other hand, the 
heating of the hydraulic circuit avoids the condensation of Ethanol within the 
same ducts, which would imply a different FR inside the PHP (for sure    
    . 
5. According to Table 35, in order to transfer the fluid from the tank to the PHP, 
valve 2 is closed and both the PHP’s and tank’s valves (i.e. valves 3 and 1) are 
simultaneously opened. 
For each PHP’s filling, some videoclips have been recorded by means of Canon digital 
camera. 
 In sum, the PHP is filled up three times during the whole experiment. The 
following tables (Table 36, Table 37, Table 38) sum up all the collected data from the 
experiment for each filling step. In addition, under each table, there are even the 
diagrams of temperature (for every thermocouple) and pressure versus time, which are 
plotted according to the information recorded by datalogger before, during, and after 
each procedure (from Figure 146 to Figure 148, Figure 150 and Figure 151). 
On the one hand, the aim is to point out the trends of these important thermodynamic 
parameters during the filling; and on the other to compare the level of pressure inside 
the PHP - when completely filled - with the saturation pressure      at the same final 
temperature level, the latter being avaiable in Table 50 (Thermodynamic table of 
Ethanol in Appendix A). Infact, if these two values are similar the filling process can be 
considered successful. 
As further evidence, both Figure 149 and Figure 152 show a snapshot of the assumed 
position of slugs and plugs after the steady filling state has been achieved. The visible 
alternation of slugs and plugs inside the PHP can be considered a valid sign of “visual 
proof” of the successful filling. 
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Table 36 : Datas recorded from Filling 1 
FILLING NUMBER 1 
Working Fluid Ethanol Filling Ratio          
Objective          
  
Tank mass after its filling (without tare)        
Tank mass after 1° degassing        
Tank mass after 2° degassing        
Tank mass after 3° degassing        
  
Tank after PHP filling (without tare)        
  
Filling error        
 
 
Figure 146 : Temperature of every thermocouple versus time before, during, and after Filling 1 (own graph) 
 
Unfortunately in the case of this filling process it was no possible to get a pressure’s 
diagram due to technical problems with the pression transducer. However, the pressure 
was a little bit greater than the saturation pressure (high likelihood of non-condendable 
gases). 
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Table 37 : Datas recorded from Filling 2 
FILLING NUMBER 2 
Working Fluid Ethanol Filling Ratio          
Objective          
  
Tank mass after its filling (without tare)        
Tank mass after 1° degassing        
Tank mass after 2° degassing        
Tank mass after 3° degassing        
  
Tank after PHP filling (without tare)        
  
Filling error        
  
Temperature after filling     
Saturation pressure         
Real pressure inside PHP after filling         
 
 
Figure 147 : Temperature of every thermocouple versus time before, during, and after Filling 2 (own graph) 
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Figure 148 : Pressure inside PHP versus time before, during, and after Filling 2 (own graph) 
 
 
Figure 149 : PHP after Filling 2 (own illustration) 
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Table 38 : Datas recorded from Filling 3 
FILLING NUMBER 3 
Working Fluid Ethanol Filling Ratio          
Objective          
  
Tank mass after its filling (without tare)         
Tank mass after 1° degassing         
Tank mass after 2° degassing         
Tank mass after 3° degassing        
Tank mass after 4° degassing        
Tank mass after 5° degassing        
Tank mass after 6° degassing        
  
Tank after PHP filling (without tare)        
  
Filling error        
 
 
Figure 150 : Temperature of every thermocouple versus time before, during, and after Filling 3 (own graph) 
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Figure 151 : Pressure inside PHP versus time before, during, and after Filling 3 (own graph) 
 
 
Figure 152 : PHP after Filling 3 (own illustration) 
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5.5 Test Procedure 
 The PHP, as already mentioned, is filled up for three times. However, the aim of 
each filling is slightly different. In fact the first filling is performed to verify the global 
performances of the device, so only few heat power inputs  ̇ have been applied. The 
second filling is employed to define the main purpose of this thesis due to its best result 
in terms of internal pressure   wheter compared with saturation pressure     . The third 
and last filling process is dedicated exclusively to the “Automotive test” which is 
described in detail in section 5.8. 
 Here follow the operative conditions of every test provided by means of the 
second filling: 
 Working fluid:   Ethanol (with FR =    ); 
 Heat power applied:    ̇          (with steps of     ; 
 Cold source temperature:                ; 
Every step of heat power is mainteined until the achievement of the steady state by 
using a power supply (described in section 4.11). 
 Owing to the flexibility of bench testing (see section 4.1 for details) many 
different configurations are possible. Here three main inclinations are investigated: 
 Horizontal inclination, Figure 153 (a) and Figure 154 (a); 
 Vertical inclination, Figure 153 (b) and Figure 154 (b); 
 “On the Edge” inclination, i.e. PHP vertically positioned with horizontal 
grooves, Figure 153(c) and Figure 154 (c). 
 
 
 
(a) (b) (c) 
Figure 153 : Investigated PHP’s configurations (a) Horizontal, (b) On the edge, (c) Vertical (own illustration) 
 Figure 155 shows the real nomenclature defined to determine uniquely the 
inclination of the device without using any literary label. This symbology, coming from 
mechanical field, considers the spinning around two main axes (X and Y), and each 
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arrow in the figure indicates a positive angular rotation. The algebraic sign of these 
angles is thus simply given by the “right-hand law”. 
 
Figure 154 : Another view of the investigated PHP’s configurations  
(a) Horizontal, (b) On the edge, (c) Vertical [02] 
The table in Figure 155 puts in evidence the translation of the labels into this 
designation for the investigated positions. However, throughout this thesis, these 
configurations are considered “Horizontal”, “Vertical” and “On the edge” in order to 
easily interreate the experimental results to the relative levels of inclination. 
 
 
Figure 155 : Nomenclature used to identify every inclination of the PHP (own illustration) 
This nomenclature, indeed, is more useful in case of intermediate configurations 
between the vertical and horizontal position, in which a mere label would be unsuitable. 
Table 39 below shows a chart with all the tests that are carried out. 
 For visualisation every interesting heat power’s step is recorded by means of 
both a high speed camera and digital camera. Then each video recording is catalogued 
with a brief description of the flow pattern (see section 6.2). 
 
g 
(a) (c) (b) 
vapour 
liquid 
  
Table 39 : Chart with all the tests that have been carried out during the internship 
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 REP = Repeatability test 
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5.6 Post Processing 
 The post processing is carried out by means of a spreadsheet (Microsoft Excel), 
with which many templates are specially created in order to process all data inputs as 
fast as possible: 
 Template A  for the data processing of every single test; 
 Template B  for the data processing of the tests of the same  
   campaign (i.e same filling procedure); 
 Template C  for comparing all the campaigns (i.e all the fillings). 
 
 
Figure 156 : Layout of thermocouples and their labels (own illustration) 
5.6.1 Template A 
 All data inputs from the data logger during the test (in specific files) are copied 
into this template, i.e the instantaneous temperatures of every thermocouple (      , 
      ,       ,       ,       ,       ,        ,        ,       ,     ,          ) and the 
instantaneous values of pressure measured by pressure transductor (  .  
Through them, the following parameters are calculated: 
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 The mean temperature in the lower part of adiabatic section  ̅        , that is the 
average between        and        : 
 ̅         
             
 
          
 The mean temperature in the upper part of adiabatic section  ̅      , that is the 
average between        and       : 
 ̅       
             
 
          
 The mean evaporator temperature  ̅    , that is the average between        and 
      : 
 ̅     
             
 
          
 The mean condenser temperature  ̅    , that is the average between        and 
      : 
 ̅     
               
 
          
 The mean instantaneous thermal resistance    : 
    
 ̅      ̅    
 ̇
             
 The mean thermal resistance for every step of heat power after a steady state of 
temperature is reached  ̅  . Here the procedure takes into account the last ten 
cells of the spreadsheet for each step (the sample frequency is            ); 
 ̅   
 ̅      ̅    
 ̇
             
With these parameters the following diagrams are plotted for every test: 
 Temperature of every thermocouple versus time; 
 Pressure versus time; 
 Mean instantaneous thermal resistance versus time        ; 
 Mean thermal resistance versus heat powe input   ̅    ̇ ; 
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As already mentioned in section 5.1.1,  ̇ represents the effective thermal power after 
subtracting the evaluated values of heat losses to the electrical power (see Eq. 5.5). To 
be precise the value of  ̇     is obtained through product of tension   and current  , 
which are indicated on the power’s supply display. 
 ̇   ̇      ̇             ̇                  
Therefore it is important to distinguish between: 
 Theoretical heat power input; 
 Real heat power input (the product     could be a little bit greater or smaller 
than the theroretical value because of the internal electric resistance of the power 
supply). 
5.6.2 Template B 
 This template is used at the end of all the tests performed with the same PHP’s 
filling to plot a final diagram for the comparison between mean thermal resistance 
versus heat power input   ̅    ̇  of every investigated inclinations. 
5.6.3 Template C 
 This template is created in order to plot the diagrams depicting the mean thermal 
resistance versus heat power input   ̅    ̇ , in which comparing all the fillings for 
every PHP’s position. 
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5.7 Repeatability Test 
 The repeatability test is carried out in order to check the well functioning of the 
device. The diagram in Figure 157 shows the trends of the mean thermal resistance – in 
case of filling one - for two identical test with the PHP in edge inclination. With heat 
power input being equal this figure attests that the values of the mean thermal resistance 
are not so distant to each others. 
 In reality, a statistic analysis with an appropriated statistic test should have been 
executed so as to check the standard deviation related to the datas input (e.g. Test 
Mann-Whitney
8
 as used in my first thesis [01]). 
 
 
Figure 157 : Repeatability test for the edge inclination after the first filling (own graph) 
 
  
                                                 
8
 Non-parametric tests are basically used in order to overcome the underlying assumption of normality in 
parametric tests. Precisely, the Mann-Whitney test is a nonparametric test that allows two groups or 
conditions or treatments to be compared without making the assumption that values are normally 
distributed. The test has two important assumptions. First the two samples under consideration are 
random, and are independent of each other, as are the observations within each sample. Second the 
observations are numeric or ordinal (arranged in ranks). 
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5.8 Automotive Tests  
5.8.1 Background reasons 
 From a forward-looking (future-oriented) perspective on the application of PHPs 
for automotive purposes, the inclination of the PHP device as a fixed and applied 
component for cooling vehicle’s sub-components plays a crucial role in determining its 
thermal performance. 
 Well known from our own day-to-day driving experience, there are many factors 
that can involve variation in the vehicle’s stability, and many examples can be provided 
to support this. First of all, these factors are geometrically expressed in vehicle 
dynamics by a change in magnitude of three important angles (usually denoted as RPY 
angles): 
 Roll angle   
 Pitch angle   
 Yaw angle   
Figure 158 shows a system of coordinates fixed to vehicle’s COG (center of gravity) in 
accordance to ISO 8855, a so-called “body frame” which RPY angles are referred to. 
 
 
Figure 158 : System of coordinates fixed to vehicle’s COG (According to ISO 8855:1991) 
 By using this coordinate system the roll rotation is defined around the X axis, 
the pitch rotation around the Y axis, and the yaw rotation around the Z axis. In addition, 
the forward movement of the vehicle is described by the positive X axis, and the lateral 
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movement is described by the Y axis which is positive when oriented to the left (from 
the driver position), whereas the vertical movement is represented by the Z axis. 
 To give an example, variation in the roll angle is easily given when driving a car 
on a banked road (Figure 159 - a) or through a curve (Figure 159 - b). 
 
 
(a) 
 
(b) 
Figure 159 : Two examples of roll angle’s variation : (a) a car long a stree with a bank [94] ; (b) a car during a 
curve [78] 
 On the contrary, strong braking or acceleration manoeuvres (Figure 160 a and b) 
or a vehicle simply driven along a slope (Figure 166) are examples of pitch angle’s 
variation. 
 
 
(a) 
 
(b) 
Figure 160 : Two examples of pitch angle’s variation : (a) a braking manoeuvre; (b) an acceleration 
manoeuvre 
 However, it is important to distinguish between a drive on a flat road and driving 
on banked or sloped streets. The role assigned to suspensions inside a vehicle (in 
particular to dampers), does not allow for huge roll and pitch variations, especially 
when driving on a flat road. Just to give a quantitative idea the following diagrams 
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(from Figure 162 to Figure 164) illustrate some test results conducted with a Hyundai 
Tucsan ix© in order to accurately estimate both the roll and pitch angles under various 
rigorous manoeuvres, but under no bank and slop conditions (see Table 40 for details). 
This particular evaluation was carried out through a novel scheme, which makes only 
use of a low-cost six-dimensional (6D) inertial measurement unit (IMU), without 
resorting to a GPS (Figure 161) [77]. 
 
 
Figure 161 : General flow chart of the subcomponents of the proposed vehicle attitude observer. 6D: six-
dimensional; IMU: inertial measurement unit [77] 
 
Table 40 : Test scenarios (1 of 2) [77] 
Case Driver control Bank Incline Road condition 
Case I DLC
9
 None None Dry asphalt 
Case II Circle Turn None None Wet asphalt 
Case III Bumpy road Sinusoidal Sinusoidal Dry asphalt 
                                                 
9
 DLC : Double Lane Change Test. See Appendix C. 
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Figure 162 : Test results for the DLC test on dry asphalt (case I): (a) vehicle states; (b) vehicle roll angle 
estimation; (c) vehicle pitch angle estimation. SWA: steering-wheel angle [77] 
 
 
 
 
Figure 163 : Test results for a circle turn test on wet asphalt (case II): (a) vehicle states; (b) vehicle roll angle 
estimation; (c) vehicle pitch angle estimation. SWA: steering-wheel angle [77] 
 
  
CHAPTER 5 – EXPERIMENTAL PROCEDURE 
 
  
165 
 
Figure 164 : Test results for a bumpy road test on dry asphalt (case III): (a) vehicle states; (b) vehicle roll 
angle estimation; (c) vehicle pitch angle estimation. SWA: steering-wheel angle [77] 
 According to these results or judging by everyday experience, when a vehicle is 
driving along a flat road every manoeuvre takes not enough time and involves a RYP 
angle variation too tiny (|  |     and |  |     [77]) to accomplish a significant 
change in the PHP’s thermal performance.  
 Therefore, the most favourable conditions affecting the PHP’s thermal 
performance are more likely given in vehicles which are driving on banked and/or 
sloped roads especially during a long time, and it is also important not to take into    
 
  
Figure 165 : Vehicles on banked road 
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account the variation in the relative pitch and roll angles, but in the global. These 
conditions are illustrated in Figure 165 (for roll angle) and in Figure 166 (for the pitch 
angle, which of course is more familiar to people who drive a car on a daily basis). 
 
  
Figure 166 : Vehicles on sloped road 
 In this regard, the Figure 167, Figure 168 (for the roll angle), and Figure 169 (for 
the pitch angle) show the relationship between the various angles of the vehicle (10), 
which has a vehicle body (10a) and a vehicle suspension (10b), relative to the road 
surface (11) [85,86].  
According to Figure 167 and Figure 168 there are: 
 
 
Figure 167 : End view of a vehicle driven on a banked 
road with definitions of various angles, including global 
roll angle, relative roll angle, wheel departure angle, 
road bank angle and body to road angle [85,86] 
 
Figure 168 : End view of a vehicle driven on a 
banked road with the visualisation of the sensor 
frame [85] 
 the wheel departure angle      the angle from the axle or the wheel axis to 
     the road surface (11); 
 the road bank angle         the angle on a banked road with respect to 
     the sea level; 
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 the relative roll angle      the angle between the wheel axle and the 
     body (10a); 
 the relative angle        misalignment angle between the sensor 
     frame and the body frame (usually costant); 
 the global roll angle     the angle between the vehicle body and sea 
     level (10a). 
                               
According to Figure 169 there are:  
 the road slope angle         the angle representing the road inclination
     with respect to the sea level; 
 the relative angle       loading induced pitch misalignment; 
 the relaative angle      pitch angle of the sensor frame with respect 
     to the sea level; 
 the relative angle        misalignment angle between the sensor 
     frame and the body frame (usually costant); 
 the global pitch angle      the angle between the sea level and the 
     vehicle body (10a). 
                     
 
 
Figure 169 : Side view of a vehicle with different pitch misalignments [85] 
 In the last instance, Figure 170 properly shows how the roll angle has increased 
its value during a bank turn sine steer test, which was carried out on a sequence bank of 
                 as described in Table 41. The results partly justify the 
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choice made during the “Automotive tests” described in the following section 5.8.2 (ie.  
the choice of an angular variation set to       ). 
 
Table 41 : Test scenarios (2 of 2) [77] 
Case Driver control Bank Incline Road condition 
Case IV Bank turn sine 
steer 
         
       
Irregular Dry asphalt 
 
 
Figure 170 : Test results for a bank turn sine steer test on dry asphalt (case IV): (a) vehicle states; (b) vehicle 
roll angle estimation; (c) vehicle pitch angle estimation. SWA: steering-wheel angle [77] 
5.8.2 Test procedure for Automotive tests 
 After getting the gist of the matter in the previous section, the third PHP filling 
is exclusively dedicated to “Automotive Tests” with the main purpose of establishing 
evidence for a “bridge” between the following three elements: 
 conventional vehicle parameters (global Roll angle   and Pitch angle  ); 
 the PHP’s thermal performance (i.e. thermal resistance    ); 
 the PHP’s flow pattern. 
The precise influence and impact of each one of the three elements according to 
variation in (vehicle) angles, on both the PHP’s thermal performace and its flow pattern  
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is investigated step by step, one by one in every test run as illustrated in Figure 171. 
 
 
Figure 171 : Purpose of the Automotive tests (own illustration) 
 For this aim two tests are executed, always starting from the edge position 
(Figure 172): 
 Roll Test it takes into account a variation of the roll angle          ; 
 Pitch Test it takes into account a variation of the roll angle          . 
 
 
Figure 172 : Starting position for both the automotive tests: on the edge (own photo) 
 The choice for these angular variations is supported by two considerations: the 
short introduction of the previous section and the evident constraint of having the 
minimum angular path set to        (beacuse of the holes machined on the steel plates). 
classical vehicle’s 
parameters  
(Roll & Pitch ) 
PHP’s thermal 
performance  
PHP’s flow pattern 
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Figure 173 : Pitch up 22°50’ (own photo) 
 
Figure 174 : Pitch down 22°50’ (own photo) 
 Furthermore, in both tests the inertial forces are not taken into account. The tests 
are run under an heat power input of    , and any movement of the PHP is carried out 
after achieving a the steady state of the working temperature. The flow pattern has been 
recorderd at every stage and for every change in device position. While in the “Pitch 
test” the PHP has been moved firstly        up (Figure 173), and lastly        down 
(Figure 174), in the “Roll test”, the same device has been moved firstly        up 
(Figure 175), and lastly        down (Figure 176). 
 
 
 
Figure 175 : Roll up 22°50’ (own photo) 
 
Figure 176 : Roll down 22°50’ (own photo) 
 
PITCH 
TEST 
EDGE 
PITCH UP 
22°50' 
PITCH DOWN 
22°50' 
ROLL 
TEST 
EDGE 
ROLL UP 
22°50' 
ROLL DOWN 
22°50' 
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6 RESULTS AND CONCLUSIONS 
 This last chapter will point out the main results and conclusions that have been 
achieved in terms of thermal performances. Furthermore, as a main focus of this thesis, 
the flow patterns resulting from the speed flow visualisation system will be reported, 
analyzed and discussed to highlight the cause-effect relation between the thermal and 
hydraulic behaviour of the PHP depending on its inclination. 
 Lastly, some extra results concerning the already described automotive tests will 
be discussed to stress the connection between kinematic (i.e. vehicle’s stability), 
thermic and hydraulic. 
6.1 Thermal Performances 
 The diagram in Figure 177 shows, for the three investigated configurations, the 
PHP mean thermal resistance  ̅   versus heat power applied  ̇ , the latter being the 
effective thermal power after subtracting the evaluated values of heat losses to the 
electrical power (as already explained in section 5.1.1 in Eq. 5.5). 
 In vertical inclination, the thermal resistance is a smoothly decreasing function 
of the heat power, except for the lowest heat powers applied, where the unstable 
behaviour makes these values comparable with those relative at “edge” orientation. 
 The thermal resistance of the PHP tested in vertical and edge inclination 
provides more similar results than in the horizontal, even if the corresponding observed 
flow patterns are radically different among them. In this perspective, the flow pattern’s 
visualisation has allowed a clear investigation concerning what happens inside the 
device fluidodinamically (see next section 6.2 for more details). 
 The thermal resistance of the PHP tested in horizontal inclination is much 
higher than the other positions, and seems to be independent of the applied heat power. 
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Figure 177 : Mean thermal resistance vs. heat power applied for three different inclinations [02] 
For those inclinations, the values of thermal resistance at maximum heat power input 
applied, i.e.     , are the following: 
 ̅                         
 ̅                         
 ̅                          
 An example of mean evaporator temperature curves has presented in Figure 178 
for the three inclinations, and for heat power steps from     into    , from steady 
state to steady state. These curves have been put together to compare the transient 
response and fluctuations of temperature according to the corresponding flow patterns. 
The reference time has been set in this curve at the exact moment of the change of heat 
power. Note that, for the vertical inclination, an intermediate heat power level of     
is present because the tests were made every     for this position.  
It is possible to notice that the fluctuations and the time responses are different among 
the three cases:  
 in horizontal inclination, the temperature curve appears to be very smooth and 
regular, a characteristic of a quasi-conductive heat transfer regime; 
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 on the edge inclination, slight fluctuations with low amplitude can be 
distinguished; 
 in vertical inclination, the curves are also very regular, even if some localized 
fluctuations are periodically observed in connection with changes of the flow 
pattern, as can be seen in Figure 181 and Figure 183. 
It is also interesting to notice that in horizontal orientation the time response of the 
device is almost slow, while in vertical the periodical circulation of fluid makes the 
thermal response faster. 
 
 
Figure 178 : Mean evaporator temperature responses to        heat power steps for the three 
inclinations [02] 
 Lastly, Figure 179 and Figure 180 show a comparison between the first and the 
second filling procedure, always relating to the values of PHP’s mean thermal resistance 
 ̅   versus heat power applied  ̇. This evaluation has been provided only for vertical 
and edge inclinations (them being the most interesting positions), and it points out the 
consequence of having non-condensable gases inside the device. 
Heat power input being equal indeed, the first filling provides a bad performance 
compared to the second one as confirmed by a mild increase of thermal resistance in 
case of vertical inclination (Figure 179), and a greater growth in case of the edge 
position (Figure 180). In addition, these results can be related to a comparison between 
the real PHP’s internal pressure  , defined by means of the pressure transducer, and the 
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saturation pressure     , which theoretically should be existent more or less inside the 
device. Thus the difference between them is fully clear in the first filling since the real 
pressure is greater than saturation pressure, and less in the second. In this perspective, 
the visualisation has therefore been really important to confirm the suspected presence 
of non-condensable gases and some communication between channels, so as to force a 
new better filling, as it has been the second one. 
 
  
Figure 179 : Mean thermal resistance vs. heat power applied for vertical inclination. A comparison between 
filling procedures (own graph) 
 
  
Figure 180 : Mean thermal resistance vs. heat power applied for edge inclination. A comparison between 
filling procedures (own graph) 
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6.2 Flow Patterns Analysis 
 The following tables show a brief summary of the experimental results which 
have been achieved by means of the flow pattern’s visualisation. 
The first column has got a single number where the recording has been carried out with 
a high speed camera. In all the other cases, the word “Canon” means that the acquisition 
has been provided by using the digital camera. 
 
  
Table 42 : Filling 1 – VERTICAL position (c) – Detailed chart of visualisation results 
POWER STEP 
 
N° CLIP 
10W 20W 30W 
 
 -)ANNULAR in the first channel on the 
right and in the first channel on the left 
 
-) ANNULAR in the central channel 
 
POWER STEP 
 
N° CLIP 
40W 50W 90W 
1 
-)WEAK OSCILLATIONS in two central 
channels 
-) ANNULAR in the left part 
-)SEMI-ANNULAR in the right part 
 
-) ANNULAR in the first channel on the 
right and in the first channel on the left 
 
-)WEAK OSCILLATIONS in the central 
channel 
 
2 
-)No circulation on the left part 
-)ANNULAR in one channel in the right 
part 
  
 
 -) ANNULAR in the left part 
 
 
 
POWER STEP 
 
N° CLIP 
100W 
 
 
-)WEAK OSCILLATIONS 
 
g 
(a) (c) (b) 
vapour 
liquid 
  
Table 43 : Filling 1 – EDGE position (b)  – Detailed chart of visualisation results 
POWER STEP 
 
N° CLIP 
50W 100W 150W 
1 
-) WEAK OSCILLATONS in all the 
channels 
-)WEAK OSCILLATIONS with some 
bubbles 
 
-)Alternation between CALM and BIG 
AMPLITUDE OSCILLATION with a 
short noise 
 
 
 
 
Table 44 : Filling 1 – HORIZONTAL position (b)  – Detailed chart of visualisation results 
POWER STEP 
 
N° CLIP 
50W 100W 150W 
1 
-) DRY-OUT 
 
-) DRY-OUT 
 
-) DRY-OUT 
 
 
  
 
g 
(a) (c) (b) 
vapour 
liquid 
  
Table 45 : Filling 2 – VERTICAL position (c) – Detailed chart of visualisation results (continued) 
POWER STEP 
 
N° CLIP 
10W 20W 30W 
1 
 -)WEAK OSCILLATIONS in some 
channels 
-)some bulk movements in the last two 
extremity left channels 
 
-)big temperaure oscillations in the 
evaporator zone (since the beginning of the 
step) 
-)WEAK OSCILLATIONS in some left 
channels 
-)ANNULAR in the last two estremity 
right channels 
-)ANNULAR in the middle channel 
-)big decrease of evaporator temperature 
2  -)Steady state video : same behaviour  
 
POWER STEP 
 
N° CLIP 
40W 50W 60W 
1 
-)ANNULAR in the last two extremity left 
channels 
-)WEAK OSCILLATIONS in some 
channels 
-)middle channel is dry 
-)ANNULAR in five right channels since 
the beginning 
-)WEAK OSCILLATIONS in some other 
channels 
-)ANNULAR in the extremity channels 
-)WEAK OSCILLATIONS in the middle 
-) low temperature with respct to filling_1 : 
    instead of     
2 
-)ANNULAR in three left channels 
-)WEAK OSCILLATIONS in some 
channels near the middle part 
-) steady state: same behaviour  
3 
-)ANNULAR in middle channel 
-)WEAK OSCILLATIONS in some 
channels round middle channel 
  
4 
-)ANNULAR in most part of channels 
-)LIQUID STORAGE in 4 left channels 
with respect to central channel 
  
5 
-)ANNULAR only in the last two 
extremity  right channels 
  
  
 
POWER STEP 
 
N° CLIP 
70W 80W 90W 
1 
-)SEMI-ANNULAR in most of the 
channels 
-)SEMI-ANNULAR in most of the 
channels 
 
2   
3 -) steady state : ANNULAR   
4    
 
 
POWER STEP 
 
N° CLIP 
100W 
 
1 -)ANNULAR alternated with SEMI-
ANNULAR 
-)small noise  
-)it seems that there are incondensable gas 
in the middle channels 
 
-) THIS BEHAVIOUR HAS ALREADY 
BEEN NOTED [32] 
“The most interesting (disturbing!) 
aspect is the fact that the best 
performing CLPHP no longer behaves 
as a pulsating device. Alternating 
tubes then have slug flow and annular 
flow and the bulk flow takes a fixed 
direction. Strictly speaking, the term 
pulsating ‘heat pipes’ then becomes a 
misnomer” 
2 
3 
4 
CANON 0 
CANON 2 
CANON 3 
CANON 4 
  
 
g 
(a) (c) (b) 
vapour 
liquid 
  
Table 46 : Filling 2 – EDGE position (b)  – Detailed chart of visualisation results (continued) 
POWER STEP 
 
N° CLIP 
10W 20W 30W 
1 
-)LITTLE OSCILLATIONS in all 
channels 
-)BIG AMPLITUDE OSCILLATIONS in 
all channels 
 
2 
-)WEAK OSCILLATIONS round 
equilibrium points 
 
3 
 -)BIG AMPLITUDE OSCILLATIONS in 
all channels with menisci in the evaporator 
zone 
-)zoom of evaporator zone 
 
CANON 3 
-)Steady state: BIG AMPLITUDE 
OSCILLATIONS in all the channels 
  
 
 
POWER STEP 
 
N° CLIP 
40W 50W 60W 
1 
-)zoom of evaporator zone 
-)BIG AMPLITUDE OSCILLATIONS 
alternated with equilibrium moments 
-)mesisci in the evaporator zone 
 -)menisci in the middle channels 
-)cam put in the original position 
-)SLUG/PLUG with BUBBLES followed 
by ANNULAR 
2 
-)zoom of evaporator zone 
-)BIG AMPLITUDE OSCILLATIONS 
alternated with equilibrium moments 
-)Presence of liquid film in middle 
channels 
 
 -)menisci in the middle channels 
-)cam put in the original position 
-)SLUG/PLUG and SLUG/ANNULAR in 
some channels on the right 
-)Clearly evident the communication of the 
same impulse between channels 
CANON 3 -)zoom of evaporator zone 
-)steady state 
-)SLUG with BUBBLE in middle channel 
followed by ANNULAR 
-)increase of the value of pressure 
 
3 
  
  
 
POWER STEP 
 
N° CLIP 
70W 80W 100W 
1  -)SLUG/PLUG with BUBBLES and 
SLUG/ANNULLAR in some channels on 
the right 
-)Clearly evident the communication of the 
same impulse between channels 
-)SLUG/PLUG with BUBBLES and 
SLUG/ANNULLAR in some channels on 
the right 
-)Clearly evident the communication of the 
same impulse between channels 
CANON 2 
 
3 
 -)SLUG/PLUG with BUBBLES and 
SLUG/ANNULLAR in some channels on 
the right 
-)steady state 
-)Clearly evident the communication of the 
same impulse between channels 
4   
CANON 5   
 
 
 
  
 
g 
(a) (c) (b) 
vapour 
liquid 
  
Table 47 : Filling 2 – HORIZONTAL position (a)  – Detailed chart of visualisation results 
POWER STEP 
 
N° CLIP 
10W 20W 30W 
1  -)No fluid movement  
CANON 2   
 
POWER STEP 
 
N° CLIP 
40W 50W 60W 
1 
-)menisci in the evaporator zone 
-)WEAK MOVEMENTS 
 -)menisci in the middle zone 
-)speedcam set in the original position 
-)WEAK OSCILLATIONS of menisci 
round equilibrium positions 
-) DRY-OUT of the evaporator 2 
-)menisci in the evaporator zone 
-)BIG AMPLITUDE OSCILLATIONS 
in the right channels around a mean 
position 
 
CANON 3 
-) it is possible to see evolution of a 
bubble in middle channel 
 
4 
-)menisci in the evaporator zone 
-) BIG AMPLITUDE OSCILLATIONS 
in the right channels around a mean 
position 
  
 
POWER STEP 
 
N° CLIP 
70W 80W 100W 
1  -)menisci in the middle zone 
-)WEAK OSCILLATIONS of menisci 
round equilibrium positions 
-) DRY-OUT of the evaporator 
-)menisci in the middle zone 
-)WEAK OSCILLATIONS of menisci 
round equilibrium positions 
-) DRY-OUT of the evaporator 
CANON 2  
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6.2.1 Vertical inclination 
 As already evident in the first filling (Table 42) - though it has been mainly used 
for a global view of the potential thermal performances - the flow pattern in vertical 
inclination is always “annular”, whatever the heat power applied (see Table 45). This 
condition, combined with the best thermal performance already declared in the 
previoues section (with respect to the other inclinations), is therefore perfectly in line 
with the definition of annular flow given in section 3.6.3. The latter, indeed, has been 
pointed out how Khandekar and Groll had established that “Annular Flow is the 
desiderable flow in a PHP” [17]. 
 
 
 
Figure 181 : Flow pattern in vertical inclination - Annular flow with liquid storage in adjacent channels 
(top)  ̇     ; (bottom)  ̇       [02] 
Waves 
Liquid storage 
Liquid slugs 
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 In addition, here the annular flow, comparing with smooth cylindrical tubes (e.g. 
Table 13 [50], in which the flow pattern alternates between “pure” slug flow and “semi-
annular” flow), is obviously enhanced by the capillary pumping of the liquid film in the 
corners of the square channels. 
 However, it is interesting to observe that the annular flow, prevalent in the 
central and lateral channels, has a distribution along the whole length of the PHP, while 
a “liquid storage” (i.e. excess liquid) is trapped in adjacent channels (see yellow dashed 
rectangles in Figure 181), therefore not participating in heat transfers. This scheme is 
repeated for every power  ̇, the volume of liquid decreasing as the latter increases. The 
points that can be distinguished at the top image of Figure 181 correspond to back flow 
waves instabilities at the liquid/vapour interface caused by vapour flow. 
 Furthermore, there is a change of thermal regime when the heat power reaches 
    , as shown in Figure 182. This value can be seen as a limit of this behaviour with 
channels completely filled with liquid. The evaporator temperature curve is not regular 
for this specific power, which shows that multiple quasi steady-states regime can be 
reached for these conditions as affirmed by Khandekar et al [104].
10
 
 
 
Figure 182 : Temperatures and heat power vs. time (vertical inclination) [02] 
 
                                                 
10
 In a multiple steady state, “each steady state is characterized by a specific, definite flow pattern and 
associated effective thermal resistance. While the loop continues to operate under one steady state, under 
certain conditions, triggered by external or internal flow perturbations, transition from one steady state 
to the other is observed. This event […] is identified by a change in the flow pattern and therefore the 
thermal resistance of the device”. 
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 Thus, this thermal behaviour at     , translated in terms of flow patterns, can 
be pointed out through the alternation of two flow regimes inside the PHP: annular flow 
with liquid storage in some channels and very few liquid plugs (Figure 181), and semi-
annular flow (Figure 183). In the last case, it seems that the liquid plugs are carried 
away by the vapour flow, with a random and relatively rapid movement. We can 
assume that these liquid plugs come from the entrapped excess of liquid, which starts 
their motion, and participate on the heat transfers by the addition of a significant part of 
sensible heat to the total heat transfers.  
This assertion, already established by Khandekar et al. [32]
11
, is based on the fact that 
every time the semi-annular flow pattern started up, the evaporator temperature 
decreased (see black arrows in Figure 182). 
 In conclusion, we can assume that semi-annular flow, in these operative 
conditions, is performing more than annular. 
 
 
Figure 183 : Flow patterns in vertical inclination: Semi-Annular flow ( ̇      ) [02] 
 
 
 
  
                                                 
11
 “The most interesting (disturbing!) aspect is the fact that the best performing CLPHP no longer 
behaves as a pulsating device. Alternating tubes then have slug flow and annular flow and the bulk flow 
takes a fixed direction. Strictly speaking, the term pulsating ‘heat pipes’ then becomes a misnomer”. 
Liquid slugs 
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6.2.2 Horizontal inclination 
 The horizontal inclination represents the worst investigated PHP’s position in 
terms of both thermal performance and flow patterns. This behaviour had already been 
expected even by the first filling (Table 44) in which there had been a direct a dry-out 
condition for all the heat power input investigated. 
 In this inclination, for which the flow pattern can only be slug flow (see section 
3.6.1 for details), almost no oscillations have been observed, except for     heat 
power. Precisely, at    , no fluid movement has been observed, whereas at     it 
has been visualized only an alternation of stationary and damped oscillation stages. 
Figure 184 shows a picture of the menisci and the amplitude of their oscillations around 
a mean position, in twelve adjacent channels, for this specific power of    . 
 It is important to note that, in this configuration, the liquid is situated in the 
condensing part (top of the picture), whereas the vapour is in the evaporator part of the 
PHP (bottom of the picture). We can therefore consider that the evaporator is almost 
dried out. 
 
 
Figure 184 : Flow pattern in Horizontal inclination ( ̇     ) [02] 
 The positions of the menisci of the seven left hand side channels (and the one in 
extreme right hand side) are not clearly visible in Figure 184, but are situated at the 
upper part of the picture, in the condensing zone. The motion of a meniscus is directly 
transmitted to its neighbour through the incompressible liquid phase. The velocity of a 
meniscus on the left side of a top bend is here strictly equal and of opposite direction 
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than its direct neighbour on the right side of the same bend. This velocity could reach 
values close to         in some channels for the highest amplitude motions. 
Nevertheless, the oscillations observed at     fade away above this value. At     , 
the oscillations have amplitude of around only     and frequency of around    
   . Note that, lastly, as heat power increases, the menisci distribution becomes more 
and more homogeneous: their position moves gradually toward the middle of the PHP, 
and in more and more channels. So there is a decreasing in amplitude with the heat 
power input  ̇. 
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6.2.3 On Edge inclination 
 The “edge inclination” appears to be the most interesting PHP’s position among 
those tested. Looking up the literature, it is also an “original and innovative” 
configuration, since it has never been mentioned in other similar researches. 
 It is now clear from the last section that the PHP horizontally positioned has got 
a total dry-out condition of the evaporator with the liquid stored in the condensing zone.  
 However, if the PHP is in vertical position with horizontal channels (so called 
“edge position”), even though the initial fluid distribution revelas as in horizontal mode 
(dry-out mode), then there is a pressure imbalance in all liquid plugs by the difference 
in height between the top and the bottom of each bend (see Figure 185), and this leading 
                                   
   = Height between two channel     
 
to a gravity pressure head     of around        for the last surrounding bend (Figure 
186). This phenomenon is very important because it can drive an oscillatory motion 
between all liquid plugs, even for the lowest heat powers applied. In this configuration, 
the vapour bubbles, independent the ones to the others, behave mechanically like 
springs in system where liquid plugs are the mass/dampers of the oscillatory motion. 
 
Figure 185 : Gravity pressure drop in one bend [02] 
 Thus, in a situation where there are no oscillations as in horizontal inclination, 
this weak driving force is able to promote the movement by gravity from one meniscus 
to the other. As a whole, Charoensawan et al. had already defined that “The direction of 
the gravity vector respect to the 3D symmetry axis of a PHP influences the 
hermohydraulic of the two-phase flow inside the device and therefore the thermal 
performances” [47]. 
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 In this context, it has been found that the oscillations propagate from top into 
bottom, therefore also through the vapour phase. It shall likely start from the liquid plug 
situated in both extremities of the overall channel, the latter being subjected to the 
largest gravity pressure drop. As mentioned above, the velocity of a meniscus at the top  
 
 
Figure 186 : Gravity pressure in the whole PHP (own illustration) 
of a bend is almost equal and of opposite direction than the bottom. 
Gradually as the heat power increases, the amplitude and velocity of the oscillations 
increase. It can be seen quasi-stopping times, which can probably be associated to heat 
storage in evaporator, followed by large amplitude and high-speed movements, until 
their phasing, and so on. 
Lastly, as a liquid front arrives and leaves the evaporator a new liquid film is deposited 
 
 
Figure 187 : Flow pattern on Edge inclination ( ̇     ) [02] 
 
Waves 
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on the channel walls. This film is then evaporated progressively (with visible waves in 
Figure 187) until complete dry-out of the channel and/or it is covered again by the 
advancing liquid front. In fact, the equivalent heat transfer coefficient, here purely 
unsteady, seems quite efficient, combining gradual thin film evaporation to sensible 
heat of moving liquid plugs. However, it seems that beyond    , the annular 
evaporation in vertical inclination involves the best thermal performances. 
  
  
CHAPTER 6 – RESULTS AND CONCLUSIONS 
 
  
191 
6.3 Results for automotive applications 
 The “Automotive Tests” have confirmed once again the importance of the flow 
pattern’s visualisation in assisting the PHP’s thermal performance so as to allow a better 
comprehension of its physical phenomena. 
 Furthermore, the experimental activity has provided what happens inside the 
device when an hybrid-configuration occurs. In all the other tests, in fact, a fixed 
inclination has been maintained for the whole planned heat power inputs. In this case, 
on the contrary, only one step of heat power  ̇ has been applied, and the inclination 
changed in order to achieve a simulation as near as possible to the car driving on the 
roads. 
 Before starting the analysis and for better understanding, the following diagrams 
(from Figure 188 to Figure 190) show the trends of the thermal resistance     versus 
time achieved for vertical, horizontal, and edge inclination in case of “Filling two”. 
 
 
Figure 188 : Thermal resistance versus time in case of vertical inclination and Filling two (own graph) 
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Figure 189 : Thermal resistance versus time in case of horizontal inclination and Filling two (own graph) 
 
 
 
Figure 190 : Thermal resistance versus time in case of edge inclination and Filling two (own graph) 
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6.3.1 Pitch test’s results 
 Figure 191 shows the thermal resistance     versus time regarding the three 
compounded configurations which have been investigated during the Pitch test (already 
described in section 5.8). Every change of position has been pointed out by different 
colours. 
 Making a comparison between the red part of the Pitch test’s diagram in Figure 
191 (related to filling three) and the one circled in Figure 190 (related to filling two), 
both the trends are very similar though the values of thermal resistance are slightly 
different when the steady state has reached (see Table 48). In addition, the same 
behaviour can also be found in the “Pitch-down” configuration (green trend in Figure 
191 related to filling three) whether compared to the PHP in horizontal inclination 
(circled trend in Figure 189 related to filling two, see also Table 48). The latter is very 
interesting because it points out how a tiny angular’s variation toward the “Top Heat 
Mode (THM)” configuration (i.e vertical operation with evaporator on top and 
condenser on bottom, see section 2.9.6 for details) immediately leads to a dry-out 
behaviour, so as to easily drop the PHP’s performance close to the horizontally 
positioned case (i.e. with no liquid in the evaporator). 
In this perspective, it is possible to assume that, in case of pitch angle’s variation: 
 the PHP’s thermal performance is independent by previous heat power steps, 
even giving evidence of a sort of “repeatability”; 
 the PHP’s trends are independent from the filling too, which only influence the 
value of thermal resistance because of non-condensable gases (see again the 
comparison in Table 48 relating to two different fillings). 
 
Table 48 : Mean thermal resistance versus time at  ̇      in case of Filling 2 and Pitch Test (Filling 3) 
 EDGE VERTICAL HORIZONTAL 
Filling 2                          
 
       
 
  EDGE PITCH-UP PITCH-DOWN 
Filling 3 (Pitch test)                         
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 Nevertheless, this conclusion cannot be stated even for the middle part of the 
Pitch test’s diagram (violet in Figure 191), which has no relation with the one circled in 
Figure 188 (related to filling two with PHP in vertical position) neither in trend neither 
in value of thermal resistance (see also Table 48). 
 Therefore, according to the main results in Table 48 it can be assumed that the 
PHP is more “gravity-sensitive” when passing from edge to a tending vertical 
inclination (pitch up       , that is the case of a car along a slope) instead of a tending 
horizontal position (pitch down       , that is the case of a car along a descent). In this 
perspective, a future investigation could be useful in order to analyse the effect of 
gravity vector going through different inclinations of the device. 
 
 
 
Figure 191 : Pitch Test - Thermal resistance versus time ( ̇     ) (own graph) 
 The thermal performance is also supported by the flow pattern’s analysis during 
the changing of inclination. In the first transition (i.e. from the edge position to pitch-up 
      ) it is possible to observe a progessive change of flow pattern from slug-plug to 
semi annular in many channels (Figure 192 and Figure 193), whereas in the second 
PITCH 
TEST 
EDGE 
PITCH UP 
22°50' 
PITCH DOWN 
22°50' 
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transition (i.e from pitch-up        to pitch-down       ), on the contrary, a rapid 
commutation from semi anular to a dry-out situation (i.e no movement, see Figure 194). 
 
 
Figure 192 : Flow pattern on Edge configuration during the Pitch Test (own photo) 
 
 
Figure 193 : Flow pattern on Pitch-up        configuration during the Pitch Test (own photo) 
 In sum, there are two hybrid configurations which have been stressed through 
the change of colour in Figure 191 that are: 
 From Edge to Pitch-up   Edge-Vertical hybrid config. 
 From Edge pitch up to Pitch-down  Edge-Horizontal hybrid config. 
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Figure 194 : Flow pattern on Pitch-down        configuration during the Pitch Test (own photo) 
6.3.2 Roll test’s results 
 Similarly to the previous section, the Figure 195 shows the thermal resistance 
    versus time regarding the three compounded configurations which have been 
investigated during the Roll test (already described in section 5.8). Even in this case the 
change of position has been pointed out by means of different colours. 
 Making a comparison between the red part of the Roll test’s diagram in Figure 
195 (related to filling three) and the one circled in Figure 190 (related to filling two), 
both the trends are very similar though the values of thermal resistance are slightly 
different when the steady state has reached (see Table 49). This time, the same results 
cannot be concluded even between “Roll-down” and horizontal configurations as it was 
 
Table 49 : Mean thermal resistance versus time at  ̇      in case of filling 2 and Roll Test (Filling 3) 
 EDGE VERTICAL HORIZONTAL 
Filling 2                          
 
       
 
  EDGE ROLL-UP ROLL-DOWN 
Filling 3 (Roll test)                         
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possible in the previous section between “Pitch-down” and horizontal inclinations 
concerning the Pitch test), the latter conclusion being clearly evident through the green 
trend in Figure 195 (related to filling three) for the Roll-down position whether 
compared to the PHP horizontally positioned (circled trend in Figure 189 related to 
filling two, see also Table 49). 
 Moreover, despite the expectation of a symmetrical behaviour in roll-down and 
roll-up position (i.e. similar trend for     in both cases) could come from a geometric 
inference even associable to the gravity vector direction, the thermal resistance     and 
the flow pattern have both defined an opposite conclusion, that is non-symmetrical 
performance. 
 
 
 
Figure 195 : Roll Test - Thermal resistance versus time ( ̇     ) (own graph) 
 A reasonable idea for supporting this result can be the following: on the one 
hand, during the roll-up position the working fluid comes in direct contact with the 
glass which has got a low thermal conductivity         with respect to the copper, 
thereby a higher value thermal resistance (violet trend in Figure 195); on the other hand, 
ROLL 
TEST 
EDGE 
ROLL UP 
22°50' 
ROLL DOWN 
22°50' 
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during the roll-down position, the ethanol is directly in contact with the copper which 
has got a higher thermal conductivity         with respect to the glass, thereby a lower 
value of thermal resistance (green trend in Figure 195). These considerations are also 
summarized in the Eq. 6.5 below, and in this perspective a repetition of the same test by 
using a totally copper FP-PHP could be an interesting future investigation. 
{
 
 
 
         
 
  
         
           
 
  
                  
         
  
          
    
       
For completeness, from Figure 196 to Figure 199 are shown the trends of temperature 
and pressure during the Automotive tests. 
 
 
  
 
Figure 196 : Pitch Test - Pressure versus time ( ̇     ) (own graph) 
 
Figure 197 : Pitch Test – Temperatures versus time ( ̇     ) (own graph) 
 
Figure 198 : Roll Test - Pressure versus time ( ̇     ) (own graph) 
 
Figure 199 : Roll Test - Temperatures versus time ( ̇     ) (own graph) 
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6.4 Application of Pulsating Heat Pipes in HEVs 
 As announced in the preface, one of the main aims of this research is to find 
corroborating evidence for the flexibility and effectiveness of PHP technology for 
thermal management systems of HEVs, and particularly for the use of batteries and 
IGBTs. 
 It is known from chapter one that the desirable heat flux from IGBT module case 
to a heat sink should be up to        , with              in the case of 
dissipated heat       and a recommended temperature difference       ) [16]. 
 However, the proposed FP-PHP is not suitable for the mentioned purpose, since 
it has been properly designed to optimize the flow pattern’s visualisation. On the one 
hand, elementary calculations can prove this fact by defining a heat flux dissipation  ̇ 
around          at     , which is completely far from a general industrial 
application; on the other hand, in literature it is possible to find PHPs that are smaller 
than the one designed, even with very high heat flux dissipation thanks to small 
dimensions and 3D configurations (e.g. Akachi in Figure 200 below,      and 
 ̇        ). 
 
 
Figure 200 : An example of a 3D and small dimensioned PHP with high heat flux dissipation, prototyped by 
Akachi (1993) 
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 In future perspective, the possibility of small dimensions and even 3D 
configurations, combined with well known benefits of two phase system (such as less 
weight, low cost and absence of pumping work), prefigure an interesting utilisation of 
the PHP for automotive purpose as a great innovation in terms of “alternative methods 
of cooling”. For instance, it is possible to think about solutions concerning PHPs that 
follow the external profiles of what they need to cool; moreover, a rational position of 
this device could be tested to take advantage of the aerodynamic effects (i.e air ducts) to 
cool it instead of installing the classical external system of fans heat exchanger powered 
by a pump. 
 According to these reasons, despite the applicability of a PHP technology in 
automotive field seems to be potentially realisable, researchers need to continue to join 
their efforts to figure out more deeply many delicate aspects in terms of thermal 
response and flow’s stability, especially in case of such a complex environment like the 
vehicular one. This challenge has been one of the main reason of this thesis, since the 
proposed FP-PHP has been accurately designed in order to find out a starting point both 
for the solution and new definition of the main problems concerning its proper 
utilisation, such as 
 The influence of vibrational sources ; 
 More detail concerning how to control the superior limit of dry-out‘s 
phenomenon;  
 Figure out  how the instability arises, grows and can be controlled; 
 Figure out more deeply the effect of gravity (e.g through macro g experiments) 
 
 In summary, the PHP is a field of investigation still in progress. Unfortunately 
its behaviour is still not predictive, though many  carried out discoveries. In any case, as 
proven by literature in chapter one, when all the doubts will be clarified, its utilisation 
will become a certainty. 
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6.5 Summary and Conclusions 
 In this study, a flat plate pulsating heat pipe with 10 turns channels machined in 
a copper block has been tested with Ethanol as working fluid so as to evaluate and 
discuss its thermal performance in accordance with possible Automotive applications 
for thermal management of HEVs crucial components such as batteries and IGBTs. 
Visualizations of the flow patterns have been performed, thanks to a high speed camera 
and a transparent glass pressed in front of the top face of the PHP, together with thermal 
measurements. 
 These observations have confirmed how the visualisation approach can assist the 
thermal performance so as to allow a better comprehension of the physical phenomena 
regarding the PHP. The main conclusions concerning the hydraulic and thermal 
performances of this system are: 
 In vertical inclination, the flow patterns are almost always annular 
(favourable), except at      heat power applied, for which semi-annular 
flows (more favourable) have been observed together with improved thermal 
performances of the PHP. In addition, during annular flow regimes, some liquid 
was trapped in adjacent channels (liquid storage), therefore not participating in 
heat transfers. 
 In horizontal inclination, the evaporator is partially dried out (also with liquid 
storage in adjacent channels), with a more and more uniform distribution of the 
menisci as the heat power increases. The thermal resistance of the PHP seems to 
be independent of heat power and the PHP not properly operates. 
 In edge inclination (i.e. PHP vertically positioned with horizontal grooves), the 
flow patterns are slugs and plugs type, with fluid motion transmitted from one 
branch to another sequence, induced by the pressure difference increased by 
gravity forces between channels. The velocity/amplitude of the fluid motions 
increase with heat power, but with some provisional quasi-stop phases, 
associated with sufficient heat storage in the vapour phase to induce the impulse 
of fluid motion. The latter configuration appears to be the most interesting 
PHP’s position among those tested, defining an “original and innovative” 
configuration since it has never been mentioned in other similar researches. 
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 In addition, two “Automotive Tests” have been provided to find a “bridge” 
between classical vehicle’s parameters (Roll   and Pitch  ), PHP’s thermal 
performance (i.e. thermal resistance    ), and PHP’s flow pattern. Without taking into 
account inertial forces, these tests have provided what happens inside the PHP when an 
hybrid-configuration occurs (i.e different PHP’s inclinations under the same heat 
power input  ̇), even confirming the importance of the flow pattern’s visualisation in 
assisting the thermal performance of the device in order to allow a better comprehension 
of its physical phenomena. 
 The Pitch test has shown that the PHP is more “gravity-sensitive” when passing 
from edge to a tending vertical inclination (pitch up       , that is the case of a 
car along a slope) instead of a tending horizontal position (pitch down       , 
that is the case of a car along a descent). In this perspective, a future 
investigation could be useful in order to analyse the effect of gravity vector 
going through different inclinations of the device. In addition, with the exception 
of the middle part of the Pitch test’s diagram, the PHP’s thermal performance 
are independent by previous heat power steps, and the PHP’s trends are 
independent from the filling too, which only influence the value of thermal 
resistance because of non-condensabe gases. Moreover, the flow pattern’s 
analysis has supported the thermal response of the device by showing a first 
transition (i.e. from the edge position to pitch-up       ) from slug-plug to semi 
annular in many channels and a second transition (i.e from pitch-up        to 
pitch-down       ) from semi anular to a dry-out situation. 
 The Roll test has shown a non-symmetrical PHP’s behaviour in roll-down and 
roll-up configuration, despite an opposite conclusion would be expected from a 
geometric inference which associable to the gravity vector direction. This reason 
is with high likelihood referable to the different value of thermal conductivity 
between glass and copper to which the working fluid is respectively adjacent in 
roll-up and roll-down position. In this perspective a future investigation could be 
based on repeating the same test by using a totally copper FP-PHP. 
 
 The proposed FP-PHP is not suitable for automotive purpose, since it has been 
properly designed to optimize the flow pattern’s visualisation. Elementary calculations 
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have proven this fact by defining a heat flux dissipation  ̇  around          at 
    , which is completely far from a general industrial application. Nevertheless, in 
literature it is possible to find PHPs that are smaller than the one designed, even with 
very high heat flux dissipation thanks to small dimensions and 3D configuration. 
According to these reasons, despite the applicability of a PHP technology in automotive 
field seems to be potentially realisable, researchers need to continue to join their efforts 
to figure out more deeply many delicate aspects in terms of thermal response and flow’s 
stability, especially in case of such a complex environment like the vehicular one 
 
 Looking ahead, an image analysis is planned in order to correlate the 
amplitudes/velocities of the liquid fronts at the operating conditions, (heat power and 
also tilt angle) and in edge inclination, thereby varying the gravity pressure drop 
between channels. 
 Lastly, there are many possible starting points which can be inferred from the 
achieved results, for instance: 
 Continue tests with other fluids (water, N-pentane…); 
 Perform modelling of heat/mass transfers on edge inclination (Mass/ressort 
system with liquid film evaporation/condensation); 
 Continue tests through the investigation of all the intermediate inclinations 
between the vertical and the horizontal position, so as to put in evidence the 
whole role of gravity in terms of thermal performance and hydraulic behaviour; 
 Focus the attention on the critic role of non condensable gases through the 
conception of a work-team composed by physics and thermal/mechanical 
engineers so as to investigate deeper the phenomenon; 
 Centrifuge test to evaluate the effect of acceleration/deceleration on the PHP at 
different inclinations; 
 A vibrational study to determine the effect of small perturbations, typically 
present in a vehicle, both on the PHP’s fluid activation and thermal 
performances. 
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APPENDIX A  
 THERMODYNAMICS TABLES 
A.1 Ethanol’s thermodynamic table 
 The following pages show the Ethanol’s thermodynamic table, for the range of 
temperatures between          (Table 50), accompanied by its curve of saturation 
(Figure 201). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Table 50 : Thermodynamic table of Ethanol (continued) 
Liquid 
Temperature 
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Entropy 
   
Entropy 
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] [
  
  
] [
  
   
] [
  
   
] 
-0,15 273 0,0016004 0,016004 806,21 0,032528 199,66 1143,6 0,99875 4,4566 
0,85 274 0,0017164 0,017164 805,4 0,034762 201,93 1145,2 1,0071 4,4495 
1,85 275 0,0018399 0,018399 804,58 0,037129 204,22 1146,7 1,0154 4,4425 
2,85 276 0,0019711 0,019711 803,76 0,039636 206,51 1148,2 1,0237 4,4355 
3,85 277 0,0021105 0,021105 802,94 0,042289 208,82 1149,7 1,0321 4,4287 
4,85 278 0,0022585 0,022585 802,12 0,045097 211,14 1151,2 1,0404 4,422 
5,85 279 0,0024157 0,024157 801,3 0,048066 213,48 1152,7 1,0488 4,4153 
6,85 280 0,0025823 0,025823 800,48 0,051205 215,82 1154,2 1,0572 4,4087 
7,85 281 0,0027591 0,027591 799,65 0,05452 218,18 1155,8 1,0656 4,4022 
8,85 282 0,0029464 0,029464 798,83 0,058021 220,55 1157,3 1,074 4,3958 
9,85 283 0,0031447 0,031447 798,01 0,061716 222,93 1158,8 1,0824 4,3895 
10,85 284 0,0033548 0,033548 797,18 0,065614 225,32 1160,3 1,0909 4,3832 
11,85 285 0,003577 0,03577 796,36 0,069723 227,73 1161,9 1,0993 4,3771 
12,85 286 0,0038121 0,038121 795,53 0,074055 230,15 1163,4 1,1078 4,371 
13,85 287 0,0040606 0,040606 794,71 0,078618 232,58 1164,9 1,1163 4,3649 
14,85 288 0,0043232 0,043232 793,88 0,083423 235,02 1166,5 1,1248 4,359 
15,85 289 0,0046005 0,046005 793,05 0,08848 237,47 1168 1,1333 4,3531 
16,85 290 0,0048932 0,048932 792,22 0,0938 239,94 1169,5 1,1418 4,3474 
17,85 291 0,0052022 0,052022 791,38 0,099394 242,42 1171,1 1,1504 4,3416 
18,85 292 0,005528 0,05528 790,55 0,10527 244,91 1172,6 1,1589 4,336 
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19,85 293 0,0058714 0,058714 789,71 0,11145 247,42 1174,2 1,1675 4,3304 
20,85 294 0,0062334 0,062334 788,88 0,11794 249,93 1175,7 1,176 4,3249 
21,85 295 0,0066146 0,066146 788,04 0,12475 252,46 1177,3 1,1846 4,3195 
22,85 296 0,007016 0,07016 787,2 0,1319 255 1178,8 1,1932 4,3142 
23,85 297 0,0074383 0,074383 786,36 0,1394 257,56 1180,3 1,2018 4,3089 
24,85 298 0,0078826 0,078826 785,51 0,14726 260,12 1181,9 1,2105 4,3037 
25,85 299 0,0083498 0,083498 784,67 0,15549 262,7 1183,4 1,2191 4,2985 
26,85 300 0,0088408 0,088408 783,82 0,16412 265,29 1185 1,2277 4,2934 
27,85 301 0,0093567 0,093567 782,97 0,17316 267,9 1186,5 1,2364 4,2884 
28,85 302 0,0098984 0,098984 782,12 0,18262 270,51 1188,1 1,2451 4,2834 
29,85 303 0,010467 0,10467 781,27 0,19252 273,14 1189,7 1,2538 4,2785 
30,85 304 0,011064 0,11064 780,41 0,20288 275,78 1191,2 1,2625 4,2737 
31,85 305 0,01169 0,1169 779,55 0,21371 278,43 1192,8 1,2712 4,269 
32,85 306 0,012346 0,12346 778,69 0,22502 281,1 1194,3 1,2799 4,2643 
33,85 307 0,013033 0,13033 777,83 0,23685 283,77 1195,9 1,2886 4,2596 
34,85 308 0,013754 0,13754 776,96 0,2492 286,46 1197,4 1,2974 4,255 
35,85 309 0,014508 0,14508 776,1 0,2621 289,17 1199 1,3061 4,2505 
36,85 310 0,015298 0,15298 775,23 0,27555 291,88 1200,5 1,3149 4,246 
37,85 311 0,016125 0,16125 774,36 0,2896 294,6 1202,1 1,3236 4,2416 
38,85 312 0,01699 0,1699 773,48 0,30424 297,34 1203,7 1,3324 4,2373 
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39,85 313 0,017894 0,17894 772,6 0,31952 300,09 1205,2 1,3412 4,233 
40,85 314 0,018839 0,18839 771,72 0,33543 302,85 1206,8 1,35 4,2287 
41,85 315 0,019826 0,19826 770,84 0,35202 305,63 1208,3 1,3588 4,2246 
42,85 316 0,020858 0,20858 769,96 0,36929 308,41 1209,9 1,3677 4,2204 
43,85 317 0,021935 0,21935 769,07 0,38728 311,21 1211,4 1,3765 4,2164 
44,85 318 0,023059 0,23059 768,18 0,406 314,02 1213 1,3853 4,2123 
45,85 319 0,024232 0,24232 767,28 0,42548 316,84 1214,6 1,3942 4,2084 
46,85 320 0,025456 0,25456 766,38 0,44575 319,67 1216,1 1,4031 4,2044 
47,85 321 0,026732 0,26732 765,48 0,46682 322,52 1217,7 1,4119 4,2006 
48,85 322 0,028061 0,28061 764,58 0,48873 325,37 1219,2 1,4208 4,1968 
49,85 323 0,029447 0,29447 763,68 0,5115 328,24 1220,8 1,4297 4,193 
50,85 324 0,030891 0,30891 762,77 0,53516 331,12 1222,3 1,4386 4,1893 
51,85 325 0,032394 0,32394 761,85 0,55973 334,01 1223,9 1,4475 4,1856 
52,85 326 0,033959 0,33959 760,94 0,58524 336,91 1225,4 1,4564 4,182 
53,85 327 0,035587 0,35587 760,02 0,61173 339,83 1227 1,4653 4,1784 
54,85 328 0,037282 0,37282 759,09 0,63921 342,75 1228,5 1,4742 4,1748 
55,85 329 0,039044 0,39044 758,17 0,66772 345,69 1230,1 1,4832 4,1714 
56,85 330 0,040875 0,40875 757,24 0,6973 348,64 1231,6 1,4921 4,1679 
57,85 331 0,042779 0,42779 756,31 0,72796 351,6 1233,2 1,5011 4,1645 
58,85 332 0,044758 0,44758 755,37 0,75975 354,57 1234,7 1,51 4,1611 
59,85 333 0,046813 0,46813 754,43 0,79269 357,55 1236,3 1,519 4,1578 
60,85 334 0,048946 0,48946 753,48 0,82682 360,55 1237,8 1,528 4,1546 
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61,85 335 0,051162 0,51162 752,54 0,86216 363,55 1239,4 1,5369 4,1513 
62,85 336 0,05346 0,5346 751,59 0,89877 366,57 1240,9 1,5459 4,1481 
63,85 337 0,055846 0,55846 750,63 0,93666 369,59 1242,4 1,5549 4,145 
64,85 338 0,058319 0,58319 749,67 0,97588 372,63 1244 1,5639 4,1419 
65,85 339 0,060884 0,60884 748,71 1,0165 375,68 1245,5 1,5729 4,1388 
66,85 340 0,063544 0,63544 747,74 1,0584 378,74 1247,1 1,5819 4,1357 
67,85 341 0,066299 0,66299 746,77 1,1018 381,81 1248,6 1,5909 4,1327 
68,85 342 0,069154 0,69154 745,8 1,1467 384,9 1250,1 1,5999 4,1298 
69,85 343 0,072111 0,72111 744,82 1,1931 387,99 1251,6 1,6089 4,1269 
70,85 344 0,075173 0,75173 743,83 1,2411 391,09 1253,2 1,618 4,124 
71,85 345 0,078343 0,78343 742,85 1,2906 394,21 1254,7 1,627 4,1211 
72,85 346 0,081623 0,81623 741,85 1,3418 397,33 1256,2 1,636 4,1183 
73,85 347 0,085017 0,85017 740,86 1,3946 400,47 1257,7 1,6451 4,1155 
74,85 348 0,088528 0,88528 739,86 1,4492 403,62 1259,2 1,6541 4,1127 
75,85 349 0,092158 0,92158 738,85 1,5055 406,77 1260,7 1,6632 4,11 
76,85 350 0,095911 0,95911 737,85 1,5636 409,94 1262,2 1,6722 4,1073 
77,85 351 0,099791 0,99791 736,83 1,6236 413,12 1263,7 1,6813 4,1047 
78,85 352 0,1038 1,038 735,81 1,6855 416,31 1265,2 1,6903 4,102 
79,85 353 0,10794 1,0794 734,79 1,7493 419,51 1266,7 1,6994 4,0994 
80,85 354 0,11222 1,1222 733,77 1,8151 422,72 1268,2 1,7084 4,0969 
81,85 355 0,11663 1,1663 732,73 1,883 425,94 1269,7 1,7175 4,0943 
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82,85 356 0,12119 1,2119 731,7 1,9529 429,17 1271,2 1,7266 4,0918 
83,85 357 0,1259 1,259 730,66 2,025 432,41 1272,7 1,7357 4,0893 
84,85 358 0,13075 1,3075 729,61 2,0992 435,67 1274,2 1,7447 4,0869 
85,85 359 0,13576 1,3576 728,56 2,1757 438,93 1275,6 1,7538 4,0845 
86,85 360 0,14093 1,4093 727,5 2,2545 442,2 1277,1 1,7629 4,0821 
87,85 361 0,14625 1,4625 726,44 2,3356 445,48 1278,6 1,772 4,0797 
88,85 362 0,15174 1,5174 725,38 2,4192 448,77 1280 1,7811 4,0773 
89,85 363 0,1574 1,574 724,31 2,5051 452,08 1281,5 1,7902 4,075 
90,85 364 0,16323 1,6323 723,23 2,5936 455,39 1282,9 1,7992 4,0727 
91,85 365 0,16924 1,6924 722,15 2,6847 458,71 1284,4 1,8083 4,0705 
92,85 366 0,17542 1,7542 721,07 2,7784 462,05 1285,8 1,8174 4,0682 
93,85 367 0,18179 1,8179 719,97 2,8747 465,39 1287,3 1,8265 4,066 
94,85 368 0,18835 1,8835 718,88 2,9738 468,74 1288,7 1,8356 4,0638 
95,85 369 0,1951 1,951 717,78 3,0757 472,1 1290,1 1,8447 4,0616 
96,85 370 0,20205 2,0205 716,67 3,1805 475,48 1291,5 1,8538 4,0594 
97,85 371 0,2092 2,092 715,56 3,2882 478,86 1293 1,8629 4,0573 
98,85 372 0,21655 2,1655 714,44 3,3989 482,25 1294,4 1,872 4,0552 
99,85 373 0,22411 2,2411 713,31 3,5126 485,66 1295,8 1,8811 4,0531 
100,85 374 0,23188 2,3188 712,18 3,6295 489,07 1297,2 1,8903 4,051 
101,85 375 0,23988 2,3988 711,05 3,7496 492,49 1298,6 1,8994 4,0489 
102,85 376 0,24809 2,4809 709,91 3,8729 495,92 1300 1,9085 4,0469 
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103,85 377 0,25653 2,5653 708,76 3,9995 499,37 1301,4 1,9176 4,0449 
104,85 378 0,2652 2,652 707,61 4,1296 502,82 1302,7 1,9267 4,0429 
105,85 379 0,27411 2,7411 706,45 4,2631 506,28 1304,1 1,9358 4,0409 
106,85 380 0,28326 2,8326 705,29 4,4002 509,75 1305,5 1,9449 4,0389 
107,85 381 0,29266 2,9266 704,11 4,5408 513,23 1306,8 1,954 4,037 
108,85 382 0,3023 3,023 702,94 4,6852 516,72 1308,2 1,9632 4,035 
109,85 383 0,31221 3,1221 701,76 4,8333 520,22 1309,5 1,9723 4,0331 
110,85 384 0,32237 3,2237 700,57 4,9853 523,73 1310,9 1,9814 4,0312 
111,85 385 0,33279 3,3279 699,37 5,1412 527,25 1312,2 1,9905 4,0293 
112,85 386 0,34349 3,4349 698,17 5,3011 530,78 1313,5 1,9996 4,0274 
113,85 387 0,35446 3,5446 696,96 5,4651 534,32 1314,8 2,0087 4,0256 
114,85 388 0,36571 3,6571 695,75 5,6333 537,87 1316,1 2,0178 4,0237 
115,85 389 0,37724 3,7724 694,53 5,8057 541,43 1317,4 2,027 4,0219 
116,85 390 0,38907 3,8907 693,3 5,9825 545 1318,7 2,0361 4,02 
117,85 391 0,40119 4,0119 692,06 6,1637 548,58 1320 2,0452 4,0182 
118,85 392 0,41361 4,1361 690,82 6,3494 552,16 1321,3 2,0543 4,0164 
119,85 393 0,42634 4,2634 689,57 6,5397 555,76 1322,6 2,0634 4,0146 
120,85 394 0,43938 4,3938 688,32 6,7348 559,37 1323,8 2,0726 4,0129 
121,85 395 0,45273 4,5273 687,06 6,9346 562,98 1325,1 2,0817 4,0111 
 
 
  
 
 
 
Figure 201 : Saturation curve of Ethanol 
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APPENDIX B  
NON-CONDENSABLE GAS (NCG) 
 Non-condensable gases (NCGs), as the name implies, are not able to condense 
inside a refrigeration or air conditioning condenser unlike refrigerant gases. The most 
common NCGs are air, nitrogen, argon, and maybe carbon dioxide. These gases have 
boiling points so low that for any practical condition they will remain in the gas phase 
inside the system. Moreover, they can have a serious impact on system operating 
conditions, energy efficiency, and lifetime of a system. For instance, the thermal 
conductivity of air is         , compared with       for water,      for iron, and      
for copper, and according to Swagelok’s engineers, not removing air and non-
condensable gases from the steam system can reduce heat transfer efficiencies by     
or more depending on the air concentration in the steam system.  
 Inside a heat pipe structure (LHP or even PHP), one of the most important cause 
of NCG formation is represented by chemical compatibility issues between the 
working fluid and the device, which fortunately has mostly been solved for the common 
working fluid [103].  
 The consequence of having NCGs inside a PHP produce an overall rise in the 
steady-state operating temperature, pressure, and thermal resistance [103]. Of course the 
increasing of global pressure inside the device implies an evaporation and condensation 
of the working fluid at higher temperature with respect to their absence. If the PHP were 
a system at equilibrium, the presence of NCGs would not undermine the performance 
because the difference of temperature between evaporator and condenser    would 
retain the same value with the only difference being upper shifted. However, the 
experimental results point out a deterioration of the PHP’s performance, which implies 
  213 
both a non-equilibrium environment inside the device and worse heat transfer in the 
evaporator and condenser zones.  
 Microscopically speaking it is very difficult to figure out what exactly happen 
inside a PHP with NCGs, perchance it is possible to assume a continuous mixing 
between them and the working fluid, and their capacity to create more or less coherent 
structure able to be responsible of some “thermic gap”. Beyond this hypothesis there are 
many researcher that are still working on this topic. 
 Obviously the effect of having NCGs is much more evident whether refrigerant 
fluids are employed, due to their more complex molecular structure which is able to 
entrap more quantity of non condensable gases with respect to working fluids based on 
short molecules such as water or ethanol. 
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APPENDIX C  
ISO DOUBLE LANE CHANGE TEST 
(DLC TEST) 
 Originally known as the "moose test" the lane change maneuver was transferred 
to the International Standard ISO 3888-2 after a revision by the Association of the 
German Automotive Industry (VDA). The ISO and VDA lane-change test is used to 
evaluate the handling performance of a vehicle and is an integral part of the vehicle 
design procedures and vehicle assessment. Based on 3 cone lanes with a total length of 
61 meters a double lane change is defined, which must be completed with maximum 
speed. 
 
 
Figure 202 : Diagram of DLC Test 
 The ISO double lane change test consists of an entry and an exit lane and with a 
length of     and a side lane with a length of    . The width of the entry and side 
lane are dependent on the width of the vehicle, the width of the exit lane is constantly 
   wide. The lateral offset between entry and side lane is    and the longitudinal 
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offset is      . For the same lateral offset the side and exit lane has a slightly shorter 
longitudinal displacement of         
   after the start of the entry lane the throttle is released so that the entire maneuver is 
completed in the overrun mode with the top gear and an engine speed of at least 
            . At the end of the entry and exit lane the velocity is measured. The entry 
velocity is increased gradually. If no cones are overturned, the test is passed. 
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c            Specific Heat 
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   - Eötvös Number 
Fr - Froude Number 
g       Gravity Acceleration 
            Thermal Conductivity 
h 
        Specific Enthalpy 
  Height 
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 ̇        Flow Mass 
N - Number of Turn 
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Po - Poiseuille Number 
R    Cavity Radius 
S    Surface 
s             Specific Entropy 
T   Temperature 
 ̅   Mean Temperature 
t   Time 
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      Fluid Velocity 
V 
   Volume 
V Tension 
      Pressure variation from the equilibrium point 
 ̇ W Effective Thermal Heat Power Input 
       
   Mean Instantaneous Thermal Resistance 
 ̅      
   Mean Overall Thermal Resistance 
 
 
Greek letters 
   - Void fraction variation from the equilibrium point 
         Latent Heat of Vaporization 
         Viscosity 
         Density (Specific Mass) 
        Surface Tension 
  
   Diameter 
[°] Roll Angle 
  [°] Pitch Angle 
  [°] Yaw Angle 
 
 
Subscripts 
  - Cooling Medium  
adia - Adiabatic 
amb - 
Ambient 
c 
cond 
- Condenser 
c - Channel 
crit - Critic 
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e 
evap 
- Evaporator 
edge - Edge Inclination 
elec - Electric 
em - Empty 
horiz - Horizontal Inclination 
i - Input 
l - Liquid Phase 
loss - Losses (Heat) 
low - Lower Adiabatic Section 
o - Output 
sat - Saturated 
security - Security (Thermocouple) 
th - Thermal 
tot - Total 
up - Upper Adiabatic Section 
v - Vapour Phase 
vert - Vertical Inclination 
w - 
Wall 
    - 
Wheel Departure Angle 
 
 
Acronyms and Abbreviations 
A - Annular Flow 
AC - Alternate Current 
BCG - Boston Consulting Group 
BHM - Bottom Heat Mode 
    - Carbon Dioxide 
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CEPHP - Closed Ends Pulsating Heat Pipe 
CLPHP - Closed Loop Pulsating Heat Pipe 
   - Carbon Monoxide 
CPL - Capillary Pumped Loop 
    - Center Of Gravity 
DC - Direct Current 
EGR - Exaust Gas Ricircolation Valve 
EM - Electric Motor 
EV - Electric Vehicle 
EVI - Electric Vehicles Initiative 
FCEV - Fuel Cell Electric Vehicle 
FP-PHP - Flat Plate Pulsating Heat Pipe 
FR - Filling Ratio 
GHG - Green House Gases 
   - Hydrocarbons 
HEV - Hybrid-Electric Vehicle 
HP - Heat Pipe 
ICE - Internal-Combustion Engine 
IEA - International Energy Agency 
IGBT - Insulated Gate Bipolar Transistor 
IMU - Inertial Measurement Unit 
LHP - Looped Heat Pipes 
NCG - Non Condensable Gas 
    - Nitrogen Oxides 
OLPHP - Open Loop Pulsating Heat Pipe 
P-HEV - Parallel Hybrid Electric Vehicle 
PCM - Phase Change Materials 
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PEV - Pure Electric Vehicle 
PHEV - Plug-In Hybrid Electric Vehicle 
PHP - Pulsating Heat Pipe 
   - Particulate Matter 
PSD - Power-Split Device 
RPY - Roll-Pitch- Yaw Angles 
S - Pure Slug Flow 
S-HEV - Series Hybrid Electric Vehicle 
SA - Semi Annular Flow 
SP-HEV - Series-Parallel Hybrid Electric Vehicle 
T-PHP - Tubular Pulsating Heat Pipe 
THM - Top Heat Mode 
TS - Thermosyphon 
 
